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Abstract
Engineering materials experience damage during their lifetime, which reduces their ability
to carry load and maintain structural integrity. Self-healing materials have been developed
to mitigate the effects of damage, however, there are currently limitations in the healable
length scale of damage that can be addressed. Overcoming this challenge requires a shift from
simply re-bonding of cracks, which describes many current self-healing systems. Features of
biological regeneration can be used to inspire approaches to address larger length scales of
damage and achieve repeatable replacement of damaged or lost material. This thesis focuses
on development of strategies for synthetic regeneration in polymers.
Concepts inspired by biological regeneration are applied to the problem of restoration of
lost (damage) volume. Two specific damage modes that result in volumetric material loss
are considered: impact puncture damage, and abrasive removal of a coating. This thesis
focuses on demonstrating regeneration in response to these damage modes, and establishes
experimental protocols for evaluation of performance. In addition, advancements are made
in the fabrication of microvascular polymeric materials.
The transverse impact of plates of vascularized transparent polymer results in a multi-
scale damage pattern in which a centimeter-scale central puncture of lost (damage) volume is
opened up where the projectile is incident, as well as a network of radiating microcracks em-
anating from the impact point. An embedded microvascular network facilitates the delivery
of a novel two-stage healing agent to the site of damage in order to restore the lost damage
volume. The performance of the restored specimens is evaluated by both seal testing under
pressurization and impact energy absorption under repeat impact testing. Factors affecting
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the impact restoration performance are explored. The formulation of the two-stage healing
agents is modulated to improve impact energy absorption. Sealing of 100 % of samples is
achieved by a hybrid system incorporating both a vascular network and microcapsules to
separately target large damage (central puncture) and small microcracks.
Abrasive damage can result in complete removal of a protective coating and exposure
of the underlying substrate. To regenerate the coating after damage, a single-part healing
agent is released upon removal of the coating, and cures when exposed to simulated ambient
sunlight. The regenerated coating is evaluated by hardness testing. Coating regeneration
is facilitated by a pressurized microvascular system containing a compliant protective (UV
blocking) valve. The polymeric coating is regenerated with the same hardness after large-
scale removal, for four repetitive damage events (abrasion).
To improve control of the volume of healing agent released in response to damage, an
accumulator is developed for incorporation into microvascular coating systems. The accu-
mulator enables the localized storage of a prescribed volume of healing agent. Upon damage,
this stored volume is released into the damage site. The accumulator is coupled with the
UV blocking surface valve in a fully regenerative coating system. The volume control of the
accumulator facilitates the regeneration of coatings with a consistent coating thickness over
several repeat damage events.
Complex multidimensional microvascular polymers are created, enabled by sacrificial
template materials spanning dimensionality from 0D to 3D. Templates are embedded in a
thermosetting polymer and removed using a thermal treatment process called the Vaporiza-
tion of Sacrificial Components (VaSC). The VaSC process results in a porous structure that
is an inverse replica of the template. Vaporization of the template material is confirmed
using both ex situ and in situ experimental methodologies, and the resulting vascular ar-
chitectures are assesed by subjecting them to fluid flow experiments. Vascular architectures
from each level of dimensionality (0D to 3D) are experimentally tested by applying fluidic
pressure and measuring flow rate under laminar conditions. Experimental results are com-
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pared to appropriate predictive models (either analytical or computational fluid dynamics
simulation) with good agreement. Thus, VaSCed architectures can be made accurately, with
predictable flow characteristics. This work expands the range of microvascular architectures
that can be fabricated in terms of size and geometry.
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Chapter 1
Introduction
Engineering materials experience damage during their lifetime, which reduces the ability
to carry load. This damage can either be gradual degradation or more drastic and in-
stantaneous. Traditionally, gradual reductions in material properties are accommodated
by overdesign or regular service and repair, while drastic and instantaneous damage can be
catastrophic. Self-healing materials have been developed to mitigate damage, however, there
are currently limitations in the healable length scale. Overcoming this challenge requires a
shift from simply re-bonding of cracks, which describes many current self-healing systems.
Features of biological regeneration can be extracted to address larger length scales of dam-
age and achieve repeatable replacement of damaged or lost material. Three approaches to
self-healing have emerged for polymeric materials: capsule based, vascular, and intrinsic
(Figure 1.1).
Figure 1.1: Three approaches to self-healing: a) capsule based, b) vascular, and c) intrinsic.
Figure reproduced from Blaiszik et al. [1].
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While capsules offer only a single healing event since healing agents are depleted after
rupture, vascular systems can offer a virtually unlimited source of healing agent when sup-
plied by a reservoir [1]. Intrinsic self-healing materials are fundamentally different in that
they do not have isolated vessels containing reactive healing agents; rather, the material
itself is capable of reforming bonds at interfaces that are created through damage. However,
such systems typically require either intimate contact of the damage surfaces, or elevated
temperature to induce the repair. Thus vascular systems are particularly appropriate for the
recovery of damage that removes large volumes of material such as impact puncture events
or abrasive removal of coatings.
1.1 Microvascular Self-Healing Materials
Microvascular networks for self-healing applications have been created with channels having
from one to three dimensional connectivity (Figure 1.2). Early qualitative investigations
into vascular self-healing materials were made by Dry et al. using millimeter diameter glass
pipets embedded in epoxy and filled with liquid healing agents [2–4]. Other researchers
have incorporated commercially available hollow glass fibers (HGF’s) with channel diame-
ters ranging from 15 µm to 60 µm [5–11]. Fibers were filled with various fluids using vacuum.
Manual extraction of fibers or wires has also been used to create channels for self-healing
fiber reinforced composites [12–16] and neat polymers [17–19]. The geometry of the channels
produced using pipets, HGF’s, and manual fiber or wire extraction is limited to one dimen-
sion. Meltable solder wires [20–22], vaporizable polymer [23, 24], and hierarchical networks
with polyvinylchloride tubing connected by machined channels [25, 26] have been employed
to create two and three dimensional vasculature.
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Figure 1.2: Microvascular self-healing materials of with different levels of connectivity. Figure
reproduced from Blaiszik et al. [1].
Therriault et al. developed a manufacturing process to produce more complex vascular
architectures [27,28]. Three-dimensional sacrificial structures can be printed using a fugitive
wax ink, embedded in epoxy, and later removed by melting and vacuum extraction. This
direct write technique was applied to multiple geometries to demonstrate recovery from mul-
tiple damage events. Toohey et al. and Hansen et al. employed direct write to produce a
3D vascular network for a self-healing coating [29–32]. Hamilton et al. applied the same
fabrication technique to produce vascular networks in a double cleavage drilled compression
(DCDC) specimen for fracture testing. Self-healing in a bulk polymer was achieved when
the vascular channels were damaged [33]. Common between these two systems is the vascu-
lar networks remain unpressurized, thus healing agents are transported to the damage via
capillary pressure alone.
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Hamilton et al. subsequently demonstrated a pressurized delivery scheme in a simpli-
fied vascular configuration containing only two channels (with segregated components of a
two-part healing chemistry) in the same DCDC geometry [17, 18] (Figure 1.3). Pressurized
vascular systems which deliver segregated components have also been demonstrated in im-
pact of foam core composite sandwich panels [25, 26], delamination damage of glass fiber
reinforced composites [24], as well as mode-I fracture of foam [19]. A common challenge
present when using two-part chemistries is achieving sufficient mixing of the components to
achieve polymerization. While in some cases this was achieved by controlling the pressurized
delivery protocol [17, 24,26], in others, the components were premixed [8–11,14,15,22].
Figure 1.3: Cross-sectional diagrams of DCDC specimen displaying three pumping schemes
used by Hamilton et al. [17], reproduced with permission from The Royal Society.
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1.2 Microcapsule Based Self-Healing Materials
Microcapsule based self-healing materials were first demonstrated by White et al. using a
solid catalyst (bis(tricyclohexylphosphine)benzylidine ruthenium (IV) dichloride, Grubbs
first generation catalyst) and capsules containing a liquid monomer (dicyclopentadiene,
DCPD) incorporated into the bulk polymer [34]. Healing of fracture damage was demon-
strated at room temperature. Since that time other capsule-based approaches have been
demonstrated including: dual capsule, latent functionality, and phase separation [1, 35].
Mangun demonstrated healing of fracture damage with a polydimethylsiloxane (PDMS)
dual-capsule system [36]. The dual capsule system consisted of one capsule type containing a
silanol-terminated PDMS and a crosslinker (polydiethysiloxane, PDES), and a separate cap-
sule type containing an organotin catalyst (dibutyltin dilaurate, DBTL). Healing efficiency
of up to 52 % was achieved in an epoxy matrix post cured at 100 ◦C for 1 h. Jin et al. intro-
duced a dual capsule system in which epoxy and amine were separately encapsulated [37,38].
The system showed ∼90 % healing efficiency when cured at 50 ◦C for 6 h followed by 121 ◦C
for 6 h [38].
Caruso et al. demonstrated the use of a single capsule system that took advantage of
latent functionality in an epoxy matrix. Both solvent only and solvent-epoxy systems were
used to repair cracks and recover fracture toughness (up to ∼100 %) in neat epoxy [39, 40]
(Figure 1.4). Another single capsule system was introduced by Gladman et al. which demon-
strated solvent healing in a thermoplastic matrix (poly(methyl methacrylate), PMMA). In
this case, the solvent swells and dissolves the crack surfaces. Upon evaporation of the solvent,
the two crack faces are fused together due to the interdiffusion of polymer chains [41]. The
crack separation of solvent promoted systems must be small to facilitate chain entanglement
or cross-linking across a crack [35].
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Figure 1.4: Single capsule system employed by Caruso et al. Schematics of a) capsules embed-
ded in matrix, and b) rupture of capsules contianing solvent and epoxy. Figure reproduced
from Caruso et al. [40] with permission from John Wiley & Sons Inc.
1.3 Self-Healing of Impact Puncture in Polymers
Present methods to recover impact puncture damage in polymers include, ionomers, space-
filling gels, foams, and dual microcapsule systems. Ionomers have shown near immediate
recovery from ballistic puncture (4.5 mm to 9 mm diameter) due to elastic recovery and
interdiffusion of polymer chains [42–46]. The moduli of the ionomers tested was ∼25 MPa
to 150 MPa [46], and the largest impact zones are ∼6 mm in diameter [44] with no cracks
radiating outside the impact area. In addition some researchers have demonstrated healing
of puncture of flexible membranes. Nagayu et al. incorporated a water-saturated gel into a
rubber membrane for tire repair. The gel was constrained, and upon puncture it expanded
to fill a nail puncture. It was shown effective at preventing leakage when punctured with a
5.25 mm diameter nail [47]. Rampf et al. demonstrated polyurethane foam for the recovery
of puncture damage from a 2.5 mm diameter spike [48,49]. The foam was applied as a coating
to a polyvinyl chloride (PVC) coated polyester fabric. The mechanism of repair was found
to be the result of compressive strains in the coating layer induced by the curvature of the
inflated membrane, which reduced the effective leakage area [49]. Beiermann employed a
dual capsule PDMS system for the repair of puncture in flexible laminates. The specimens
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consisted of three layers, a PDMS capsule filled composite sandwiched between polyurethane
coated nylon layers. Punctures were produced with hypodermic needles with diameters from
0.49 mm to 2.4 mm. The diameter of capsules and puncture size were shown to influence the
ability to seal using a pressure test [50].
1.4 Vascular Self-Healing Coatings
Capsule based, vascular, and intrinsic approaches have been applied to produce self-healing
coatings [1, 29, 51]. Vascular systems are of particular interest when a large volume of ma-
terial is lost, since they can conceivably provide an infinite supply of material. In addition
vascular systems can also facilitate recovery from repeated damage events. The microvascu-
lar specimen geometry first implemented by Toohey et al. has two layers, with a vascularized
substrate and a brittle non-vascularized coating [29] (Figure 1.5). In the first iteration of
this geometry, Grubbs catalyst was embedded in the coating, and liquid DCPD monomer
was contained in the vascular network [29]. Subjecting the specimens to four-point bending
formed cracks in the coating. Capillarity induced the flow of healing agents from the vascular
network into the cracks. Polymerization of the monomer occurred when the DCPD came
into contact with the catalyst. Up to 60 % recovery in fracture toughness was demonstrated
for 7 consecutive cycles. Toohey et al. subsequently employed a similar coating/substrate
geometry and a two-part epoxy healing chemistry sequestered in separate vascular networks
to achieve up to 16 intermittent healing cycles [30]. When implementing the two-part chem-
istry a mechanical flexing step was applied to improve mixing of the components and improve
consistency of healing. Hansen et al. introduced an interpenetrating vascular network to in-
crease the number of healing cycles to over 30 [31]. In a later study, Hansen added a third
interpenetrating vascular network containing a heated fluid to reduce the healing time from
two days to a few hours [32].
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Figure 1.5: Schematics of self-healing coating gemoetries first developed by Toohey et al. [30]
a) Single network specimen. b) Dual network specimen. Figure reproduced from with
permission from John Wiley & Sons Inc.
1.5 Overview of Research
This thesis is focused on development of strategies for synthetic regeneration of large damage
volumes. The three objectives of this study are: (1) Restore lost volume in polymeric ma-
terials. (2) Characterize the restoration/regeneration performance in model damage modes:
(a) impact puncture damage, and (b) abrasively removed coatings. (3) Develop a strategy
for controlled volumetric storage and release for self-healing and regenerative materials.
In Chapter 2 the restoration of large damage volumes in polymers is demonstrated.
Restoration requires overcoming the interplay of mass transport, environmental factors, in-
trinsic forces (such as surface tension), and extrinsic forces (such as gravity) that act on
liquid reagents, and the chemical reactions associated with damage repair. Vascular systems
are well suited for delivering a sufficient quantity of healing reagents to the site of damage,
and a newly developed two-stage healing agent enables the retention of healed material in the
site of damage. Irregular impact puncture damage is evaluated. Restoration is assessed via
pressure loading to ensure sealing of the damage as well as post-restoration impact energy
absorption. This initial study of restoration of large damage volumes in polymers introduces
the performance metrics for restoration of impact damage.
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Chapter 3 focuses on methods to improve both the energy absorption when a restored
specimen is subjected to repeat impact as well as sealing of microcracks. To optimize the
energy absoroption, the formulation of the two-stage healing agents are modulated. To
guarantee sealing, a hybrid system is developed to separately target the drastically different
length scales of damage. Vascular delivery of two-stage healing agents enables filling of
the lost volume in the central puncture, and microcapsules are incorporated to target the
radiating microcracks.
In Chapter 4 the large scale abrasive removal of a protective coating is considered. While
previous self-healing coatings successfully demonstrated recovery of small damage volumes
associated with cracking and scratching, these systems have yet to be translated to address
large-scale damage such as complete abrasive removal. Here a pressurized vascular system
enables the delivery of healing agent to the site of damage. In addition, a single-part healing
agent removes the necessity for in-situ mixing, while a pressure sensitive valve prevents
blockage of the vascular delivery system. Effectiveness of regeneration of the coating to its
original state is assessed via hardness testing.
Chapter 5 introduces a newly developed component for volume control in vascular sys-
tems. While significant work has been devoted to the development of vascularized self-healing
materials, most do not offer autonomous control of the volume released after a damage event.
Instead, repair requires a scheme to manually regulate the flow with a prescribed pumping
schedule. The accumulator, a deformable membrane, is developed to release a controlled
volume of material in response to damage. The accumulator is integrated into the coat-
ing/pressure sensitive valve concept developed in Chapter 4. The ability to autonomically
release a controlled volume and to regenerate coatings with consistent thickness is investi-
gated.
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In Chapter 6 complex multidimensional microvascular polymers are created for use in
self-healing and other microfluidic applications. Templates of dimensions from 0D to 3D
are embedded in a thermosetting polymer and removed using a thermal treatment process
- Vaporization of Sacrificial Components (VaSC). The vaporization of the sacrificial ma-
terial is examined, and the resulting mirovascular structures are validated by comparing
experimentally measured flow rates to appropriate predictive models.
A final summary and conclusions are presented in Chapter 7. In addition, suggestions
for future research are discussed.
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Chapter 2
Restoration of Large Damage
Volumes in Polymers∗
The regenerative power of tissues and organs in biology has no analog in synthetic ma-
terials. Although self-healing of microscopic defects has been demonstrated, the regrowth
of material lost through catastrophic damage requires a regenerative-like approach. We
demonstrate a vascular synthetic system that restores mechanical performance in response
to large-scale damage. Gap-filling scaffolds are created through a two-stage polymer chem-
istry that initially forms a shape-conforming dynamic gel but later polymerizes to a solid
structural polymer with robust mechanical properties. Through the control of reaction ki-
netics and vascular delivery rate, we filled impacted regions that exceed 35 mm in diameter
within 20 min and restored mechanical function within 3 h. After restoration of impact dam-
age, ∼62 % of the total absorbed energy was recovered in comparison with that in initial
impact tests.
∗Figures and text in this chapter have been reproduced from published work [1]. Research on two-stage
materials was conducted in collaboration with graduate students Brett Krull and Windy Santa Cruz.
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2.1 Introduction
Whereas biology achieves regeneration through vascularization and recruitment of stem cells
[2–4], engineering materials are generally avascular, with a limited ability to self-heal [5, 6].
Avariety of repair strategies exist for microscopic defects and cracks [7–11], but autonomic
restoration of materials that suffer large-scale damage and associated mass loss has not been
realized. Restoration requires overcoming the interplay of mass transport, environmental
factors, intrinsic forces (such as surface tension), and extrinsic forces (such as gravity) that
act on liquid reagents and the chemical reactions associated with damage repair.
Our restoration concept for structural materials is illustrated in Figure 2.1 The strategy
is predicated on the delivery of reactive fluids through two independent vascular networks
to the site of damage. Events that lead to substantial mass loss (such as ballistic impact)
trigger release of fluids, subsequent mixing, and initiation of the restoration process. A
reactive system that progresses from liquid to gel (gel stage) and gel to polymer (polymer
stage) is hypothesized to deliver low-viscosity fluids to the site of damage, initially resulting
in a shape-conforming yet self-supporting viscoelastic scaffold. Addition of new material
proceeds until the damaged region is fully filled and complete replacement of lost mass is
achieved. Transformation of the gel into a stiff polymer then allows for recovery of the
mechanical properties of the original material.
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Figure 2.1: Two-stage restoration strategy. Reactive monomer solutions are incorporated
into a vascularized specimen (blue and red channels). Time t0, impact damage initiates fluid
release into the damage region. Time t1, gel stage (purple) occurs by covalent cross-linking
of gelators A and B with an acid catalyst. Deposition of fluid and subsequent gelation
continues until the void is filled. Time t2, the polymer stage (green) follows by using a
two-component initiation for monomer polymerization, resulting in recovery of structural
performance. Chemical structures of the two-stage polymer system are given in Figure 2.2.
Figure reproduced from White et al. [1] with permission from The American Association for
the Advancement of Science.
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2.2 Results and Discussion
2.2.1 Two-Stage Restoration Chemistry†
We developed a two-stage polymer chemistry in which catalyzed gelation of liquid monomer
is followed by bulk polymerization to a structural solid (Figure 2.1). The reactive monomer
solutions begin as stable, low viscosity sol (time t0) until damage-triggered release initi-
ates the chemical processes. A relatively fast gel stage (time t1, 30 seconds to a few
minutes) creates a semi-solid scaffold upon which additional solution is accreted. Gela-
tor A, a bis-acylhydrazine terminated poly(ethylene glycol) and B, a tris[(4-formylphenoxy)
methyl]ethane form a crosslinked network of dynamic acylhydrazone bonds by acid-catalyzed
condensation (Figure 2.2) [12]. This chemistry is capable of gelling a wide range of organic
liquids including acrylic and thiol-ene monomers. Monomer gelation accomplishes the need
to fill gaps stemming from mass loss, and conversion to polymer completes the restoration
process. Polymerization kinetics on a timescale > t1 (hours) avoids premature stiffening
of the restored material. Room temperature polymerization is achieved by judicious choice
of radical initiators, promoters, and inhibitors. While biological systems require a complex
and highly regulated system of biochemical processes to achieve regeneration [13–20], our
strategy produces reliable performance with relatively simple synthetic reagents.
The properties of the structural polymer are tailored by selection of the monomer as
demonstrated below with two examples. In one example, a thermoplastic was polymer-
ized using 2-hydroxyethyl methacrylate (HEMA) initiated by a radical redox reaction be-
tween methyl ethyl ketone peroxide (MEKP) initiator and cobalt naphthenate (CoNp) pro-
moter [21]; in a second example, liquid thiol-ene agents 1,3-glyceryl dimethacrylate and
trimethylolpropane tris(3-mercaptopropionate) react to form a thermosetting material (Fig-
ure 2.2). Monomers were selected to fulfill a stringent set of requirements including ability to
dissolve gelators, high boiling point, non-wetting properties, low viscosity, and favorable cure
†Gelator Synthesis and rheological characterization was performed by Windy Santa Cruz
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Figure 2.2: Chemical structures of two-stage polymer components. Figure reproduced from
White et al. [1] with permission from The American Association for the Advancement of
Science.
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kinetics. The reagents required for each example are mutually compatible with the reagents
for gelation chemistry. Independently tunable chemical triggers selectively control the rates
of both gelation and polymerization. The components for both examples are strategically
divided into two stable solutions and loaded into separate microchannels (Figure 2.1, left;
Table 2.1).
Table 2.1: Two-part solution composition for restoration experiments. Amounts listed for
1.5 wt% initiator, 0.1 wt% promoter, and 2 v/v% catalyst. The two-stage thermoset also
includes 0.04 wt% inhibitor. Table reproduced from White et al. [1] with permission from
The American Association for the Advancement of Science.
Two-stage thermoplastic polymer1 Two-stage thermoset polymer2
Component Amount Component Amount
Part A
Gelator A3(61 %) 0.146 g Gelator A3(61 %) 0.146 g
Catalyst 40.8 µL Catalyst 35.6 µL
Promoter 2.1 µL Promoter 2.3 µL
HEMA 1 mL Inhibitor 0.80 mg
TMPTMP4 0.608 g
GDMA (30 %) 0.415 g
Part B
Gelator A3(39 %) 0.093 g Gelator A3(39 %) 0.093 g
Gelator B 0.053 g Gelator B 0.053 g
Initiator 31.0 µL Initiator 31.0 µL
HEMA 1 mL Inhibitor 0.80 mg
1 Representative values for 2 mL of total monomer; amounts with respect to
monomer.
2 Representative values for 2 g of total monomer.
3 12 wt% gelators (3:2 mol ratio A:B) which were divided for equal volume Part
A and Part B solutions.
4 TMPTMP:GDMA 1:1 mol ratio of functional groups.
Oscillatory rheology confirmed the separate occurrence of gelation and polymerization
stages as well as the ability to regulate the reaction kinetics of each stage (Figure 2.3a-c).
A representative reaction in Figure 2.3a shows the evolution of storage (G′) and loss (G′′)
moduli of a 12 wt% gelator solution in HEMA. The first plateau of G′ reflects monomer
gelation to a ∼104 to 105 Pa semi-solid. Onset of the gel stage (t1) was defined as the
crossover of G′ and G′′. The second modulus plateau, several orders of magnitude higher,
reflects a slower transformation from gel to structural polymer. Polymerization onset (t2)
was designated as the peak of the loss factor (tan δ =G′′/G′) (Figure 2.4). Rates of gelation
22
and polymerization are largely independent, which enables precise control of t1 and t2 by
varying the concentrations of catalyst for the gelation reaction and initiators for the poly-
merization reaction. Plots of the time scales of staged transitions for the HEMA example are
shown in Figure 2.3b and c. Gelation rate is dependent on catalyst concentration and deter-
mines the scaffold forming ability (Figure 2.3b). Control of polymerization was achieved by
varying promoter concentration in an inert environment (Figure 2.3c). However, free-radical
polymerizations of acrylates are sensitive to atmospheric oxygen. In contrast, the thiol-ene
thermoset chemistry is oxygen-tolerant and cures in aerobic environments. Thiol-ene poly-
merizations are fast and have been known to cure without the use of initiators [22]. To
allow sufficient time for gel formation, the radical inhibitor cupferron was used to slow the
polymerization rate [23,24]. The ability to tune the rates of our two-stage restorative system
enables adaptation to a wide variety of damage geometries.
Gelation allows deposition of material beyond that which is dictated by surface tension
alone. When damage size exceeds a certain threshold, surface tension is insufficient to retain
unreacted fluid and gravity pulls it out of the damage zone. The boundary between sur-
face tension and gravity-dominated regimes (described by Tate's Law and the drop-weight
method of analysis, Figure 2.5) [25–27] was validated for our experimental set-up with stan-
dard test fluids (Figure 2.3d). In contrast to these non-reactive fluids, the deposition volume
exceeds that expected from Tate's Law by over an order of magnitude. Two formulations
containing different gel fractions are plotted in Figure 2.3d, with the greater gel fraction pro-
ducing a larger deposition volume. The increase in volume retained over non-reactive fluids
is due to the mechanical support of the in situ formed gel. If gelation and deposition occur
on the same time scale, the growing material is no longer retained by the surface tension of
the fluid alone; it is also retained by the cohesion of the restored material and its adhesion
to the deposition surface.
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Figure 2.3: Characterization of the two-stage process. Solutions contain gelators in HEMA
(monomer) with dichloroacetic acid (catalyst), methyl ethyl ketone peroxide (initiator), and
cobalt naphthenate (promoter). a) Rheological properties of the restorative reagents over
time display both the fast formation of the organogel (t1, seconds to minutes), and slower
reaction rate to polymer (t2, hours) controlled by the concentrations of chemical triggers.
b) Control of gel-stage kinetics by varying catalyst concentration (1.5 wt% initiator, 0.1 wt%
promoter). c) Control of polymer stage kinetics by varying promoter (2 v/v% catalyst,
1.5 wt% initiator). d) Volume deposited by using restorative gel chemistry (HEMA gel,
2 v/v% catalyst, no initiator or promoter). Tate's Law describes the limiting volume of a
nonreactive fluid that can be retained with surface tension; standard test fluids confirm this
relationship (1, pentane; 2, HEMA; 3, dimethyl sulfoxide; 4, ethylene glycol; 5, glycerol; and
6, water). Two-stage chemistry far exceeds this limit, but deposition is dependent on the
concentration of gelators. The inset optical image on the left shows the volume deposited by
12 wt% gelators, whereas the inset optical image on the right shows water test fluid. Scale
bars, 5 mm. Figure reproduced from White et al. [1] with permission from The American
Association for the Advancement of Science.
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Figure 2.4: Rheological characterization of polymer stage onset, determined by the peak of
the loss factor (tan δ = G′′/G′). Figure reproduced from White et al. [1] with permission
from The American Association for the Advancement of Science.
Figure 2.5: Mass deposition test setup. Two part solutions are delivered through channels
in the fixture. Mass is deposited and suspends from a 2 mm diameter cylinder. Figure
reproduced from White et al. [1] with permission from The American Association for the
Advancement of Science.
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2.2.2 Volumetric Recovery of Cylindrical Damage Geometries§
In our model experiments, the restorative reagents span gaps and fill large damage volumes
by forming a free-standing, dynamic gel scaffold upon which continued material growth
occurs. We use an open cylinder (sample dimensions 52× 52× 3 mm thick, 330 µm diameter
parallel channels) as a model geometry to test the filling of large scale damage in thin epoxy
sheets. Solutions of HEMA containing gelators, acid catalyst and fluorescent dye (Nile Red
and perylene) are delivered to the damage area via separate microchannels (Figure 2.6a). A
computer-controlled, pressurized system ensures reagents are delivered at 1:1 volume ratios
(see Section 2.4). Upon entering the damaged region, the components mix and quickly wet
the inner surface of the sample due to low viscosity and a low fluid-substrate contact angle.
Rapid gelation forms a scaffold upon which additional fluid from the microvascular channels
is deposited. The faceted appearance of the recovering damage region (Figure 2.6a) reflects
the mechanical stiffness of the developing gel since an ideal liquid would assume a smooth
circular shape to minimize surface tension. Gelled material grows inward and the entire
damage region is filled as the process of deposition and gelation continues. The dynamic
nature [28] of the gelator chemistry enables continuous (defect free) gel interfaces and the
formation of a monolithic plug in place of the original void.
Restoration to full mechanical function is accomplished by replenishing lost mass and
transforming the gelled monomer to a fully polymerized solid. The filling performance of
gelling and non-gelling controls is compared for increasing damage area in Figure 2.6b. The
area fill ratio (AFR) is calculated for each damage area as the ratio Afill : A0 where Afill is the
area filled by the restorative solutions and A0 is the total damage area. The control solutions
achieve an AFR of 1 only for diameters up to 6.3 mm. For larger diameters, the effect of
gravity dominates surface tension and causes the controls to drip out of the damaged region,
which results in incomplete filling. In contrast, gelling solutions fill to capacity (AFR = 1) for
§Cylindrical damage geometry experiments and analysis was performed by Brett Krull.
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Figure 2.6: Cylinder damage geometry to test restoration performance. a) Optical images
of 7.5 mm diameter open-cylinder damage geometry after 1, 3, 7, and 13 min (left to right)
pressurized delivery of HEMA gel solutions (2 v/v% catalyst, no initiator or promoter).
Blue liquid is part A [HEMA, gelator A (61 % of total gelator A), DCA catalyst] dyed with
perylene, and red liquid is part B [HEMA, gelator A (39 % of total gelator A), gelator B]
dyed with Nile Red. Scale bar, 1 mm. b) Fill performance achieved for cylindrical holes
of increasing size for HEMA gel and a nongelling neat HEMA control. AFR = Afill/A0.
c) Restoration performance of various healing systems after a 24 h room-temperature cure,
with the curing atmosphere indicated in the legend. Samples are subjected to 345 kPa
nitrogen pressure loading. Restoration requires both a complete fill and recovery of full
mechanical function. Figure reproduced from White et al. [1] with permission from The
American Association for the Advancement of Science.
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damage diameters up to 9.0 mm by overcoming gravity and circumventing failure by dripping.
Damage sizes exceeding 8.0 mm do not reliably fill for all replicates because gravity causes
gel material to grow downward rather than towards the damage center; however, the AFR
remains significantly higher than control solutions due to superior material retention.
A pressure cell is used to verify mechanical recovery of our system by applying 345 kPa
of nitrogen to one side of a damage sample and monitoring leakage on the opposite side
(Figure 2.7) [29]. Since only a completely filled damage region will withstand pressurization,
we tested the maximum damage areas at which each restorative system attained complete
filling for each of 5 replicates (Figure 2.6c). All gelling systems are able to fill larger damage
areas than non-gelling solutions, but they do not provide mechanical recovery without a
second transition to polymer. Only the thermoplastic and thermoset two-stage polymers
combine filling performance with mechanical recovery. A standard two-part epoxy resin
is presented for comparison and neither fills a significant damage area nor seals after a
24 h room temperature cure. As demonstrated by larger area fill ratios and higher seal
rates, two-stage polymers provide restoration performance superior to traditional healing
chemistries [30]. The final mechanical properties of the two-stage polymer systems are
comparable to commercial poly(methyl methacrylate) (PMMA) polymers [31]. Quasi-static
tensile testing of the two-stage thermoplastic (HEMA) system yields an elastic modulus of
1.8 GPa and a tensile strength of 45 MPa.
2.2.3 Structural Restoration of Impact Puncture Damage
To test more realistic damage modes, we impacted and punctured specimens using a drop
tower apparatus. The multiscale damage present in impact specimens represents a significant
challenge and requires chemistry that can both regrow the lost mass as well as penetrate
into microcracks to create a pressure tight seal. Dropping a striker with a hemispherically
shaped tip at 6.26 J (Figure 2.8a) creates a central puncture and radiating cracks with dam-
age spanning approximately 35 mm in diameter. We implemented the same pressurized
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Figure 2.7: Schematic of seal testing apparatus. Figure reproduced from White et al. [1]
with permission from The American Association for the Advancement of Science.
delivery scheme to fill the damage post-impact. A dye (Oil Blue N) was used to observe the
deposition process, which included wicking into the radiating cracks (Figure 2.8b and c).
While fast gelation chemistry is advantageous for the regrowth of lost mass, it may not pro-
vide sufficient time for the reagents to fully penetrate into radiating microcracks. By tuning
(slowing) the gelation kinetics, we were able to achieve gap-filling and partial penetration
of radial microcracks emanating from the central hole. Pressure testing of impact samples
yielded ∼60 % sealing success, with most failures attributed to the lack of sealing of the dense
network of radiating microcracks. After restoration of impact damage, we re-impacted spec-
imens using the same testing protocol and measured 62 % recovery of total absorbed energy
in comparison to the initial impact test (Figure 2.9). Importantly, the restored material
performed on par (76 %) with control specimens in which the native substrate material was
injected into the damage and cured at high temperature (Table 2.2).
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a) b) c)
Figure 2.8: Restoration of impact damage. Perspective views of impact specimen restored
with two-stage thermoplastic (HEMA) system (0.1 v/v% catalyst, 1.5 wt% initiator, 0.1 wt%
promoter). Both components of two-part solutions are dyed and recolored in images for
visualization. a) Specimen mounted into impact test fixture; 4 mm diameter striker with a
hemispherically shaped tip suspended over specimen. (b and c) Impact damage with central
puncture and radiating cracks b) before filling and c) after filling. Scale bar, 5 mm. Figure
reproduced from White et al. [1] with permission from The American Association for the
Advancement of Science.
Figure 2.9: Representative energy-time data from impact tests. Figure reproduced from
White et al. [1] with permission from The American Association for the Advancement of
Science.
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Table 2.2: Average energy absorption from impact testing, error represents standard devia-
tion. Table reproduced from White et al. [1] with permission from The American Association
for the Advancement of Science.
Sample
Total energy absorbed (J) % energy %energy
Number of
specimensinitial impact re-impact
[vs. epoxy
substrate]
[vs. epoxy substrate,
epoxy injected control]
Epoxy substrate 0.92 ± 0.21 - - 30
HEMA control substrate 0.58 ± 0.22 63 % 77 % 6
Two-stage thermoplastic control substrate 0.82 ± 0.39 89 % 109 % 3
Epoxy substrate, restored with two-stage thermoplastic 0.57 ± 0.34 62 % 76 % 5
Epoxy substrate, epoxy injected control 0.76 ± 0.39 82 % 4
2.3 Summary
We have demonstrated a vascular approach to damage restoration using a polymer that
replaces lost mass and recovers structural performance. Our two-stage chemistry makes
use of both a rapid gelation (gel stage) for gap-filling scaffolds and a slower polymerization
(polymer stage) for restoration of structural performance. When damage is unpredictable
and uncontrolled, more complex and interconnected vascular networks [32] will be neces-
sary to provide sufficient vascular coverage and redundancy to circumvent channel blockage.
Truly regenerative polymers may be possible in the future via on demand delivery of the
chemical components of the native substrate polymer coupled with tunable gel and polymer
transitions.
2.4 Experimental Methods
2.4.1 Mechanical Characterization
The gel transition (t1) was detected by tabletop rheology. Gelation was determined by
inversion of a 10 mm cylindrical vial [33]. Rheometric data was obtained with a TA Instru-
ments AR-G2 rheometer using 25 mm parallel aluminum plates at room temperature in a
purging nitrogen atmosphere (thermoplastic) or in air (thermoset). Time sweep tests were
performed at a strain of 0.1 % and frequency of 1 Hz. HEMA thermoplastic samples were
prepared by dissolving gelators (12 wt%, 3:2 mol ratio A:B) into 0.5 mL of HEMA. Next,
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CoNp promoter (0.1–0.3 wt%, 6 % Co, Strem Chemicals), MEKP initiator (1.5 wt%, Luperox
DDM-9, Sigma) and dichloroacetic acid catalyst (2 v/v%) were mixed and quickly transferred
onto the plates. Thiol-ene thermoset samples were prepared similarly by mixing 1,3-glyceryl
dimethacrylate (GDMA) solution (Gelator B and promoter in GDMA) and trimethylol-
propane tris(3-mercaptopropionate) (TMPTMP) solution (Gelator A in TMPTMP). In-
hibitor was incorporated by adding the necessary amount of a premixed 0.1 wt% cupferron
GDMA stock solution. MEKP initiator, CoNp promoter, and catalyst were added sequen-
tially, mixed, and the solution added to the plates.
Quasi-static tensile test experiments were performed using an Instron 5984 universal
testing machine equipped with a video extensometer. Two-stage thermoplastic (0.1 v/v%
catalyst, 1.5 wt% initiator, 0.1 wt% promoter) samples were cured in molds at room temper-
ature for 48 h (purging nitrogen atmosphere) yielding a sheet (dimensions 65×40×2.5 mm).
In addition, sheets of the substrate epoxy (EPON 828/EPIKURE 3230, 3 mm thick) were
cast and cured according to manufacturer specifications at 80 ◦C for 2 h and 125 ◦C for 3 h.
The sheets were machined to produce specimens with dimensions according to ASTM D638,
type V [34]. Tensile tests were performed according to ASTM D638, using a loading rate
of 100 mm min−1 [34]. The video extensometer captured data used to calculate strain and a
5 kN load cell captured data used to calculate stress. Elastic modulus was determined using
a linear fit of the stress strain curve between 0.1 % and 0.5 % strain. Tensile strength was
determined as the peak tensile stress.
2.4.2 Reagent Solutions
The formulation of each of the reagent solutions is given in Table 2.1. Gelators for Part A
and Part B solutions were weighed into 10 mL scintillation vials. Monomer was added to
each vial and the solution was sonicated for 5–10 min until the gelators dissolved. The
additional polymerization components (acid catalyst, initiator, and promoter) were added
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to their respective solutions and mixed using a vortex mixer. To visualize filling experiments
more clearly, dye (Nile Red, perylene, carbon black, or Oil Blue N; obtained from Sigma
Aldrich) was added to the HEMA (0.5 mg mL−1) prior to adding to the solutions. HEMA gel
solutions used for fill characterization (Figure 2.6b) did not contain initiator or promoter.
2.4.3 Volume Deposition Testing
The basis for volume deposition testing is the drop-weight method, typically used to deter-
mine the surface tension of fluids [25–27]. Tate's Law (Equation 2.1 describes the relationship
between the surface tension and the weight of a drop that detaches from the bottom side of
a vertically oriented cylinder under the influence of gravity:
mg = 2pirσψ (2.1)
where m = mass of drop that separates from cylinder, g = gravitational constant, r =
radius of cylinder, σ = surface tension of fluid, and ψ = Harkins-Brown correction factor.
The Harkins-Brown correction factor is given by [27]:
ψ =
1
2pi
[
0.14782 + 0.27896
( r
V 1/3
)
− 0.166
( r
V 1/3
)]−1
(2.2)
where V = volume of drop that separates from the cylinder. Equation 2.1 can be rewritten
as:
Vp =
m
ρψ
= C
σ
ρ
, with C =
(
2pir
g
)
(2.3)
where Vp = volume of the pendant drop just before detachment, ρ = density of the test fluid,
and C is the slope of the theoretical Vp vs. σ/g line (Figure 2.3d).
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A test fixture was fabricated consisting of a 2 mm diameter cylinder with two 590 µm
diameter channels machined along the axis of the cylinder with a center-to-center spacing
of 630 µm (Figure 2.5). A series of non-reactive fluids with published surface tension and
density data [35,36] (pentane, HEMA, dimethyl sulfoxide, ethylene glycol, glycerol, water),
were used to verify that the test conformed to Tate's Law. Test fluids were allowed to drip
from the test fixture under constant pressure. The fixture was suspended over an analytical
balance (XS204 DeltaRange®, Mettler Toledo) that recorded mass data continuously. At
least 5 drops were used to determine the average mass of a detached droplet. A series of
delivery pressures 1–50 kPa were tested to confirm that the drip mass was independent of
pressure. The mass was converted to pendant drop volume using Equation 2.3. The pendant
drop volume is plotted against the ratio of surface tension to density in Figure 2.3d.
HEMA gel solutions (2 v/v% DCA catalyst, no initiator or promoter) with 10 wt%
and 12 wt% gelators were tested using an alternate pumping schedule. Upon pumping, gel
deposited on the bottom of the cylinder. The experiment was allowed to continue until the
deposited solid mass detached from the fixture under the influence of gravity. The detached
mass was recorded as the droplet mass for the test. Both gel concentrations were tested
three times; the average is reported with error bars representing the high and low values of
these three deposition tests (Figure 2.3d). The HEMA gel data is plotted versus the surface
tension and density of neat HEMA. The surface tension for each reagent solution of the two-
stage thermoplastic (HEMA) polymer was determined using the drop weight method [26,27]
and Equation 2.1. The values of surface tension for both solutions of the 10 wt% and 12 wt%
gels as well as neat HEMA were determined to be 36 mN m−1.
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2.4.4 Pumping
Pumping experiments were performed using computer controlled (LabView v2013) pres-
sure regulators (Ultimus V, Nordson EFD). Pressurized syringes delivered each part of the
restorative chemistry through separate channels. The volumetric flow rate of each component
was calibrated prior to testing. The pumping schedule consisted of an alternating scheme
in which the part B component was pumped for a 1 s pulse followed by a 3 s delay. The
part A component was then pumped for a 1 s pulse, followed by a delay of variable length.
The delay length is dependent on gel time and differed for each specific restorative chemistry
(15 s for fast gelling (2 v/v% DCA) and 45 s for slow gelling (0.1 v/v% DCA)). Pumping
experiments were calibrated to deliver approximately 1 µL of each fluid per syringe tip per
pulse by tuning the delivery pressure of each syringe. The epoxy resin was delivered using
an alternate delivery schedule to accommodate higher viscosity and to meet stoichiometric
mixing. The resin component (EPON 8132) pulse time was increased from 1 s to 5.2 s which
was required to maintain a consistent deposition schedule at the maximum delivery pressure
of 207 kPa. The curing agent (EPIKURE 3046) was delivered in a normal 1 s pulse. A small
pressure (∼100 Pa) was maintained on the vascular network at all times to prevent clogging.
2.4.5 Specimen Fabrication and Experimental Setup
Vascular specimens were fabricated using a cell casting technique in which silicone gaskets
were sandwiched between two glass sheets. Channels were created by suspending 330 µm
fluoropolymer monofilament within the mold. The channels possessed a mean center-to-
center spacing of 380 µm and were located 500 µm on center from the top surface of the
specimen. Epoxy (EPON 828/EPIKURE 3230, Momentive) was poured into the mold and
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cured according to manufacturer specifications (80 ◦C for 2 h and 125 ◦C for 3 h). After
curing, the epoxy sheet was removed from the mold and the monofilament was extracted by
hand. Specimens were 3 mm thick and cut to 52 mm× 52 mm with the channels located in
the center of the specimen
Cylindrical hole specimens were coated with a superoleophobic material (Ultra-Ever Dry,
UltraTech International Inc.) on exterior surfaces. A drill press (RIKON 30-120) with bits
of varying diameter was used to excise a cylindrical plug from the center of the sample.
Impact specimens were coated with Freekote 55-NC (Henkel) non-wetting material prior to
impact testing.
Filling experiments were performed under ambient conditions with samples affixed hori-
zontally and leveled such that they experienced the full effect of gravity. Impact specimens
were oriented with the larger diameter of the conical central damage oriented upward. Sy-
ringe tips (150 µm ID, Nordson EFD) were inserted into the microchannels. Overhead or
perspective images were acquired for each experiment and pumping continued until the dam-
age region filled or no detectable progress toward filling was observed after several minutes.
2.4.6 Impact Testing
Impact damage was created using a drop-weight tower (Dynatup 8210) equipped with a
4 mm hemispherical shaped striker. The drop height was 100 mm, with corresponding impact
energy of 6.26 J. The specimen was clamped into a fixture with a 38 mm opening, and the
striker was aligned to intersect the channels. Such impact testing produces a conical shaped
puncture with the larger diameter of the cone opposite the side of initial impact.
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Figure 2.10: Restoration experiment setup. Samples are affixed horizontally. Fluids are
delivered through parallel channels using pressurized delivery. Figure reproduced from White
et al. [1] with permission from The American Association for the Advancement of Science.
After initial impact testing, specimens were prescreened to remove specimens which
lacked mechanical integrity, or that possessed through holes significantly too large to be
tested. Selected specimens were imaged using an overhead charge-coupled device (CCD)
(Basler AF213423) with attached lens (Nikon AF Nikkor 50 mm 1:1.8 D). Images were an-
alyzed using Matlab to determine the area of the central puncture. Fill experiments were
conducted on specimens with central hole areas comparable to cylindrical hole experiments.
After restoration of impact damage using two-stage thermoplastic chemistry, specimens
were re-impacted using the same testing protocol to determine their recovery of impact
energy. Specimens that passed the pressure test were considered to have successfully restored
their mechanical function, and were thus re-impact tested. For the repeat impact test,
specimens were oriented with the larger diameter of the conical central damage upward. In
addition, three control cases were tested. Two of these control cases were substrates (52 ×
52×3 mm) made of a different material than the standard epoxy specimens: (1) specimens
composed of HEMA only, the monomer used in the two-stage thermoplastic chemistry (cured
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with 0.5 wt% MEKP, and 0.025 wt% CoNp in an argon filled glove box); (2) specimens
composed entirely of two-stage thermoplastic (0.1 v/v% catalyst, 1.5 wt% initiator, 0.1 wt%
promoter, under nitrogen purge). The third control case consisted of the standard epoxy
substrate after impact. The damage was injected with the native epoxy substrate material
and cured according to manufacture specifications. The injected material was retained in
the damage region using a silicone sheet clamped to one side of the specimen. After curing,
the specimens were re-impacted.
Impact testing was performed using an instrumented tip that collected force data during
the impact for 30 ms. The resulting force data is smoothed for visualization using a moving
average filter with a 15-point span (0.28 ms). Force-time data was used to calculate absorbed
energy using an energy balance method described in ASTM D3763 section X2 [37]. The total
absorbed energy is taken from the time of impact to the point the load becomes zero at the
time of actuation of the rebound brakes. Representative absorbed energy plots are shown
in Figure 2.9. Data is offset such that time zero indicates the point of impact. The average
total absorbed impact energy for each specimen type is given in Table 2.2 with the standard
deviation indicated by the error. In addition, each test condition is compared to both the
initial impact testing of epoxy substrate, and the ideal control in which the native substrate
material is injected into the damage and cured at high temperature.
2.4.7 Fill Analysis
The area fill ratio of the cylindrical damage samples was determined by adding 0.0001 wt%
carbon black (Regal 400R, Cabot) to both HEMA gel and neat HEMA control materials to
improve the contrast of the gel solution against a white background. An overhead CCD with
attached lens recorded images at a rate of 1 frame/s. ImageJ was used to apply a threshold
to the images and to calculate area filled.
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2.4.8 Seal Testing
Seal test samples were allowed to cure following completion of the fill process. The cure
conditions differed depending on the choice of restorative chemistry and damage geometry.
Neat HEMA controls and two-stage thermoplastic (HEMA) polymer solutions were cured
under an inert nitrogen atmosphere for 24 h at room temperature. HEMA gel solutions (no
initiator or promoter) were cured in both air and inert atmospheres. Two-stage thermoset
polymer was cured at room temperature in air. Epoxy was cured for 24 h at room tempera-
ture in air. Specimens that remained liquid (HEMA controls) after the cure cycle were not
tested under pressure as the liquid would drip out of the damage area during handling. For
impact damage, samples were filled with two-stage thermoplastic polymer and cured for 48 h
at room temperature under inert nitrogen atmosphere.
Seal testing was performed using a pressure test cell [29] with identical protocols for all
damage geometries and healing chemistries (Figure 2.7). Samples were loaded on one side of
the sample to 345 kPa pressure with nitrogen gas. An input transducer monitored pressure
on the loading side of the sample. An output pressure transducer detected leakage across the
restored damage volume on the opposite side of the sample. Including a 30 s ramp, pressure
was applied for a 10 min duration. Fully sealed samples exhibited no detectable leakage
across the sample for the entire duration of the test. Failure was determined as samples that
did not seal the full 345 kPa pressure for the entire test. Seal data in Figure 2.6c represent
the percent of samples that achieved full sealing.
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Chapter 3
Restoration of Impact Damage in
Bulk Polymers via a Hybrid
Microcapsule-Microvascular
Self-Healing System
A hybrid microcapsule-microvascular system is introduced to regenerate the multi-scale dam-
age that results from impact puncture of polymeric plates. The microvascular delivery of
a two-stage healing agent restores lost damage volume (puncture) to recover impact energy
absorption, while embedded microcapsules heal the radiating microcracks from the cen-
tral impact. Modulation of the mechanical properties (1.4 GPa to 1.1 MPa stiffness) of the
two-stage healing agent after curing is achieved by selection of compatible reactive acrylate
monomers. Specimens are punctured by impact testing and the impacted hole and sur-
rounding damaged volume is restored by delivering the two-stage healing agents to the site
of damage via a microvascular network. Rapid gelling of two-stage healing agents enables
their retention in the damage region, while subsequent polymerization recovers structural
performance. Impact recovery efficiency is assessed in terms of energy absorption, comparing
re-impacted specimens to the initial impact. Recovery of impact absorption as high as 100 %
is observed for some optimal specimen designs. Specimens are tested for sealing by applying
a static pressure to one side of the damage and monitoring leakage on the opposite side. A
hybrid system incorporating both microvascular delivery of the two-stage healing agents and
microcapsules containing solvated epoxy enables sealing of 100 % of specimens.
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3.1 Introduction
Self-healing materials repair damage without human intervention, offering the potential to
extend service lifetime and improve safety of engineered structures [1–4]. Sucessful systems
have been demonstrate for healing microcracks [2, 3, 5–8] and scratches [9–11] in polymers;
however, there have been few examples of concepts to address larger scale damage such as
impact puncture [12–17]. Self-healing of puncture damage in polymers has been limited to
the repair of elastomers [12–14], and other non-structural polymers [15–17]. In these prior
cases, elastic or viscoelastic recovery led to closure of the puncture site. In contrast, impact
of structural polymers produces multi-scale damage consisting of lost volume in the central
puncture hole (ca. mm scale) as well as radiating microcracks (ca. µm scale) [18]. These vastly
different length scales of damage each impose separate challenges for self-healing materials.
The central puncture requires an approach that is capable of restoring a large (lost) volume of
material. The radiating microcracks require a healing system that can sufficiently infiltrate
the dense, microscale damage network in order to recover lost mechanical integrity.
Self-healing materials have been classified into three categories: intrinsic, capsule-based,
and vascular [4, 19]. Intrinsic materials rely on reversible chemical bonding, and require
intimate contact of crack surfaces in order for repair to occur. Capsule-based systems contain
embedded of core-shell microcapsules that release their reactive core upon rupture. The
liquid core (healing agent) is then drawn into the damage by capillary forces. Depending
on the composition of the healing agent, microcapsules can be applied to restore mechanical
[1, 2, 5–7, 20], electrical [21], or barrier properties [9, 12–17, 22, 23]. Microvascular materials
enable delivery of significantly more healing fluid than capsule systems and can facilitate
both repair after repeat damage events as well as restoration of larger damage volumes
[3, 8, 18, 24–27].
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White et al. recently introduced a two-stage regenerative chemistry to restore volumetric
loss in polymeric materials [18]. Upon impact puncture damage, the embedded vascular
network was ruptured, and two-stage healing agents were delivered to the damage site. An
alternating pressurized delivery scheme facilitated mixing of two segregated healing agent
solutions (Table 3.5) within the damage site, initiating gelation and subsequent polymer-
ization of the two-stage healing agents. Rapid gelation facilitated retention of the healing
agents and filling of the damage, while subsequent polymerization enabled recovery of struc-
tural performance. Each stage of the two-stage healing chemistry was independently tuned
by adjusting the chemical composition. The gel stage chemistry consisted of gelator A
(bis-acylhydrazineterminated poly (ethylene glycol)) and gelator B (tris[(4-formylphenoxy)
methyl]ethane)) which rapidly (∼1 min) formed a cross-linked network in the presence of an
acid catalyst. A liquid monomer (2-hydroxyethy methacrylate, HEMA) acted as a solvent for
the gel chemistry, and polymerized on a longer time scale (hours) at room temperature with
the selected initiator and promoter. The chemical components were strategically divided
into two solutions for stable storage in a dual microvascular network.
A model experiment utilizing manually excised cylindrical through holes was employed
to evaluate damage filling with two stage healing agents. The structural recovery of speci-
mens was evaluated using a pressure cell by applying a static pressure (345 kPa) to one side
of the damage and monitoring leakage on the opposite side. Cylindrical damage specimens
filled with two-stage healing agents sealed 100 % of the time. To test more realistic damage,
specimens were punctured using an impact tester. Impacted specimens were restored with
two-stage healing agents, and by tuning the two-stage chemistry to a slower gelling formu-
lation, ∼60 % of specimens sealed. Failure was attributed to lack of sealing of the radiating
microcracks, which were not fully infiltrated due to gelation of the healing agents. In ad-
dition, restored impact specimens were subjected to repeat impact testing and recovery of
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impact absorption of 62 % was achieved. Several variables influencing the ability to fill large
damage volumes were further explored in a subsequent report by Krull et al. [27]. The max-
imum area of cylindrical damage that could be restored was extended by 197 % over controls
(6.2 mm to 11.2 mm diameter) through enhanced mixing and specimen configuration.
Here, we investigate methods to improve the energy absorption and sealing of regenerated
impact puncture damage by modifying the two-stage healing agents developed by White
et al. [18]. We hypothesize that the restored energy absorption can be affected by the
formulation of the two-stage healing agents, and sealing can be improved by the incorporation
of embedded microcapsules in a hybrid microcapsule-microvascular system (Figure 3.1). In
the hybrid system, multiple healing modes are enacted to separately address the two vastly
different length scales of damage. Microvascular delivery of two-stage healing agents restores
lost volume to recover impact energy absorption, and embedded microcapsules heal radiating
microcracks to facilitate complete sealing. In the most optimum case we show recovery of
energy absorption up to 100 % and 100 % sealing.
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Figure 3.1: Hybrid microcapsule-microvascular self-healing system. a) Schematic of hybrid
self-healing system. The central puncture and lost volume is restored with two-stage healing
agents via a dual microvascular network. The radiating microcracks are healed by reactive
solutions released from ruptured microcapsules. b) Optical image of hybrid specimen during
filling of damage with two-stage healing agents. Part A of the two-stage healing agent is
dyed blue (perylene) and Part B solution is dyed red (Nile Red and DFWB-K10-50). Virgin
substrate contains 0.5 wt% healing capsules in which the core healing agent is dyed green
(DFSB-K43).
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3.2 Results and Discussion
3.2.1 Mechanical Properties
We demonstrate the ability to tailor mechanical properties of cured two-stage healing agents
by varying the ratio of two acrylic monomers. Our two-stage healing agents primarily consist
of acrylic monomer (∼85 wt%), which acts as a solvent for the gel components. While the
gel forms quickly (∼30 s) in the presence of an acid catalyst, the monomer is polymerized
at a slower rate (∼1–3 h) via a room temperature initiation system (Figure 3.2). Previously,
a thermoplastic two-stage healing agent was formulated with 2-hydroxyethyl methacrylate
(HEMA) monomer [18]. Here we modify the formulation, replacing HEMA with various
weight ratios of HEMA and 2-hydroxyethyl acrylate (HEA) (Figure 3.3a) in order to increase
the impact energy absorption.
Gelator A 
GEL CHEMISTRY
POLYMER CHEMISTRY
MONOMERS
Bis-acylhydrazine-terminated poly(ethylene glycol)
Gelator B
Tris[(4-formylphenoxy) methyl]ethane
Gelation Catalyst
Dichloroacetic acid (DCA)
2-hydroxyethyl methacrylate 
(HEMA)
2-hydroxyethyl acrylate 
(HEA)
Initiator
Methyl ethyl ketone peroxide (MEKP)
Promoter
Cobalt naphthenate (CoNp)
Figure 3.2: Chemical structures of two-stage chemistry originally reported by White et al.
[18] along with the additional monomer (HEA) used in this study. Constituents were segre-
gated into two solutions according to the concentrations given in Table 3.5.
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Figure 3.3: Two-stage healing agents for the restoration of lost volume and recovery of impact
energy absorption. a) Schematic of two-stage healing agents and constituents (adapted
from [18], Figure 3.2 and Table 3.5). b–d) Mechanical properties of two-stage healing agents
after curing. b) Dynamic mechanical analysis results for 60:40 HEMA:HEA monomer ratio
as a function of temperature. c) The effect of HEMA:HEA ratio on storage modulus (E′,
at room temperature ∼22 ◦C) and glass transition temperature (Tg) (n = 3). d) Storage
modulus as a function of freqency for three HEMA:HEA monomer ratios (n = 3, at room
temperature ∼22 ◦C). Note: error bars represent one standard deviation.
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The mechanical properties of the resulting polymer were evaluated using dynamic me-
chanical analysis (DMA) after allowing the material to cure for two days at room tempera-
ture in a nitrogen-purged atmosphere. An example temperature sweep of the cured two-stage
healing agents containing a 60:40 weight ratio of HEMA:HEA is shown in Figure 3.3b. The
storage modulus (E′) at room temperature (∼22 ◦C) and glass transition temperature (Tg),
taken as the peak in the tan δ curve, are extracted from the temperature sweep experiments.
Increasing the amount of HEA in the formulation results in a decrease in both storage mod-
ulus and glass transition temperature (Figure 3.3c). Storage modulus can be modulated
over three orders of magnitude, from 1.4 GPa to 1.1 MPa, for 100:0 and 30:70 HEMA:HEA
ratios, respectively.
The ratio of HEMA:HEA also influences the frequency dependence of the mechanical
properties. Namely, the 60:40 ratio of the polymer displays much higher frequency de-
pendence than does either the 100:0 or the 30:70 ratios (Figure 3.3d). Considering the
glass transition temperatures of the three ratios (100:0, 60:40, and 30:70 which are 74 ◦C,
8.7 ◦C and −9.4 ◦C respectively), each formulation demonstrates a different position on the
viscoelastic master curve. The 60:40 ratio has a Tg near room temperature and shows a
pronounced viscoelastic response. The lack of frequency dependence of the 100:0 and 30:70
ratios reflect their glassy and rubbery mechanical behavior respectively [28].
3.2.2 Impact Energy Recovery
The monomer ratio was varied to optimize impact energy recovery. Specimens were sub-
jected to an initial impact test and subsequently restored using two-stage healing agents with
various monomer ratios. After damage restoration, specimens were re-impacted to evaluate
their recovery of energy absorption. The impact was performed using a drop tower appa-
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ratus (Figure 3.4a) equipped with a striker. The striker had a 4 mm hemispherical tip and
a stepped shank to reduce dragging of the shaft through the specimen after puncture (Fig-
ure 3.5). The device was instrumented to collect time–load data that was then translated
into time–energy data. The total energy absorption of the impact event was evaluated.
The initial impact test of the epoxy substrate generally displays a monotonically increas-
ing load followed by a sudden drop (Figure 3.4b) corresponding to complete puncture. In
contrast, the impact loading of the restored and re-impacted specimens is more complex.
With increasing HEA concentration the duration of the impact absorption event increases
(Tables 3.1 and 3.2) and there is a gradual decline from the peak load, indicative of a more
ductile failure. The addition of HEA also increases the recovered energy absorption substan-
tially (Figure 3.4c). We define the impact recovery efficiency (ηE) as the ratio of absorbed
energy after restoration (Er) to the initial absorbed energy (E0),
η =
Er
E0
(3.1)
and use it as a metric to evaluate the effect of healing conditions and composition.
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Figure 3.4: Impact testing of microvascular specimens. a) Schematic of drop-weight tower
impactor (adapted from [29] with permission from Elsevier). b) Force and c) energy curves
for initial impact and re-impact of specimens restored with two-stage healing agents of
various HEMA:HEA ratios.
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3 mm
4 mm
Figure 3.5: Impact striker (tup) geometry: 4 mm hemispherical tip with stepped shank.
The two-stage healing agents with varying HEMA:HEA ratios were delivered to the
damage via embedded microvasculature using an alternating pressurized delivery scheme
until the central puncture was observed to close (see Section 3.4). As a control, a second set
of impacted specimens was manually injected with premixed two-stage healing agents. The
control specimens were completely filled such that the restored material closely conformed to
the original geometry that was lost due to impact (see Section 3.4). Specimens were allowed
to cure for two days prior to further testing. The impact recovery efficiency (ηE) is plotted
versus the monomer ratio for both microvascular delivery and manual injection experiments
in Figure 3.6.
Microvascular specimens showed an impact recovery efficiency of 12 % for the 100:0 ratio.
We attribute the reduction compared to the prior work by White et al. to three factors:
the striker geometry, specimen configuration, and healing agent curing conditions. Recovery
increased with HEA content, up to 64 % for the 50:50 ratio, after which the recovery declines
with additional HEA. Similarly, for the manual delivery specimens recovery increases with
HEA content up to a peak of 151 % at 60:40 after which impact recovery efficiency decreases.
We note that the impact recovery efficiency is higher for manual delivery where the restored
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geometry is more accurately preserved. The two best performing HEMA:HEA ratios (60:40
and 50:50) have glass transition temperatures just below room temperature (8.7 ◦C and
2.9 ◦C, respectively, see Figure 3.3c). Their higher impact energy absorption is directly
correlated with their highly viscoelastic properties, consistent with previous reports [30].
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Figure 3.6: Impact recovery efficiency of specimens restored using two-stage healing agents
with varying HEMA:HEA monomer ratios. Specimens restored by microvascular delivery of
healing agents using an alternating pressurized fluid delivery scheme and specimens restored
by manually injecting premixed two-stage healing agents. Note: error bars represent high
and low bounds; total number of specimens indicated at the base of the column.
Table 3.1: Detailed summary of results from impact and seal testing of HEMA:HEA ratio
microvascular delivery experiments (Figure 3.6, EPON 828:EPIKURE 3230 substrate epoxy,
error bounds indicated are one standard deviation).
HEMA:HEA
ratio
Energy Impact recovery Impact Maximum Time to max
Sealing
(%)
n1absorption (J) efficiency, ηE duration (ms) load (N) load (ms)
Virgin Restored (%) Virgin Restored Virgin Restored Virgin Restored
100:0 1.91 ± 0.38 0.24 ± 0.17 12 ± 8 2.0 ± 0.2 2.0 ± 0.3 1251 ± 95 156 ± 90 2.0 ± 0.3 1.1 ± 0.6 20 % 5
90:10 2.26 ± 1.29 0.32 ± 0.10 17 ± 6 2.4 ± 0.7 2.5 ± 0.4 1148 ± 446 214 ± 58 2.2 ± 0.9 1.4 ± 0.5 0 % 5
80:20 2.11 ± 0.66 0.47 ± 0.27 28 ± 22 2.1 ± 0.4 2.2 ± 0.6 1289 ± 145 236 ± 61 2.0 ± 0.5 1.5 ± 0.6 33 % 6
70:30 2.06± 0.76 0.73 ± 0.28 40 ± 24 2.1 ± 0.4 3.5 ± 1.7 1276 ± 181 310 ± 58 1.9 ± 0.6 2.0 ± 0.7 0 % 5
60:40 1.75 ± 0.25 0.91 ± 0.38 53 ± 21 1.9 ± 0.2 5.6 ± 1.5 1238 ± 67 298 ± 82 1.8 ± 0.2 1.8 ± 0.7 80 % 5
50:50 1.71 ± 0.14 1.08 ± 0.40 64 ± 25 1.9 ± 0.1 5.8 ± 0.8 1222 ± 67 318 ± 93 1.8 ± 0.1 2.3 ± 0.5 60 % 5
40:60 2.56 ± 0.87 0.83 ± 0.21 35 ± 13 2.6 ± 0.5 5.5 ± 1.4 1326 ± 200 189 ± 20 2.3 ± 0.8 3.2 ± 1.4 0 % 5
30:70 2.56 ± 0.67 0.96 ± 0.49 42 ± 29 2.5 ± 0.4 6.8 ± 1.8 1326 ± 135 154 ± 65 2.5 ± 0.4 2.4 ± 0.1 40 % 5
1 n = number of specimens.
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Table 3.2: Detailed summary of results from impact and seal testing of HEMA:HEA ratio
manual injection experiments, and epoxy injected control (Figure 3.6, EPON 828:EPIKURE
3230 substrate epoxy, error bounds indicated are one standard deviation).
HEMA:HEA
ratio
Energy Impact recovery Impact Maximum Time to max
Sealing
(%)
n1absorption (J) efficiency, ηE duration (ms) load (N) load (ms)
Virgin Restored (%) Virgin Restored Virgin Restored Virgin Restored
100:0 1.67 ± 0.21 0.42 ± 0.11 26 ± 7 2.0 ± 0.3 1.9 ± 0.2 1139 ± 63 240 ± 60 1.8 ± 0.2 1.0 ± 0.3 100 % 5,5
90:10 2.00 ± 0.44 0.78 ± 0.19 40 ± 12 2.1 ± 0.2 2.3 ± 0.2 1263 ± 112 419 ± 63 2.0 ± 0.3 1.8 ± 0.7 20 % 4,5
80:20 2.04 ± 0.69 1.16 ± 0.87 69 ± 74 2.1 ± 0.3 3.9 ± 2.0 1259 ± 167 402 ± 163 2.0 ± 0.5 2.0 ± 0.9 40 % 5,5
70:30 2.34 ± 0.49 2.62 ± 0.44 113 ± 13 2.1 ± 0.3 7.3 ± 2.1 1373 ± 83 517 ± 47 2.1 ± 0.3 3.0 ± 0.4 20 % 5,5
60:40 2.14 ± 0.75 2.93 ± 0.66 151 ± 57 2.1 ± 0.4 8.7 ± 3.8 1314 ± 149 470 ± 67 2.0 ± 0.5 3.5 ± 0.7 80 % 4,5
50:50 2.49 ± 0.73 2.51 ± 0.49 112 ± 52 2.2 ± 0.4 7.0 ± 1.0 1396 ± 134 362 ± 24 2.2 ± 0.5 4.4 ± 2.2 20 % 5,5
40:60 2.30 ± 1.04 1.71 ± 0.21 89 ± 44 2.4 ± 0.5 7.0 ± 1.1 1254 ± 240 302 ± 34 2.2 ± 0.8 4.2 ± 1.8 100 % 4,5
30:70 3.28 ± 1.22 1.63 ± 0.12 57 ± 26 2.9 ± 0.7 9.3 ± 1.3 1462 ± 202 207 ± 34 2.9 ± 0.8 2.4 ± 0.5 20 % 5,5
828:3230 Inject 1.74 ± 0.55 0.76 ± 0.15 48 ± 17 2.1 ± 0.3 1.9 ± 0.3 1148 ± 136 437 ± 58 1.8 ± 0.4 1.6 ± 0.3 100 % 5,5
1 a) n = number of specimens for impact tests, seal tests respectively.
The complexity of impact damage leads to high variability in impact recovery efficiency.
For the initial impact of the epoxy substrate the damage is roughly a truncated cone-shaped
puncture with its larger diameter opposite of the initial impact (Figure 3.7). The span of the
smaller diameter (root) can range from 4 mm to more than 15 mm. Specimens were selected
to have a root span less than 6.5 mm (Table 3.3). In addition, the energy absorption is highly
variable for both initial and restored impacts (2.18±0.74 J, for initial impact, Tables 3.1 and
3.2). The resulting variability in impact recovery efficiency is reflected by the error bars in
both the microvascular delivery and manual injection experiments.
Root area Top rea
5 mm
Radiating 
microcracks
Max span, 
root
Radial crack
length
Figure 3.7: Impact damage with geometry and terminology defined as listed in Table 3.3.
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Table 3.3: Characteristics of impact damage for different specimen types. Error bounds
indicated are one standard deviation.
Specimen type Subset of specimens healed and re-impacted
Substrate
epoxy
Capsules
%<6.5 mm
max span,
root
n1
Max span,
root (mm)
Area,
root
(mm2)
Area,
top
(mm2)
Radiating
cracks (#)
Radial
crack
distance
(mm)
n1
Virgin
n1
Restored energy
absorption (J)
60:40 HEMA:HEA
n1
energy
absorption
(J)
EPON 828:
EPIKURE 3230
None 61 % 236 5.0± 0.6 15.4± 2.9 185± 33 12± 3 13.3± 2.5 16 2.18± 0.74 93 0.91± 0.383 5
EPON 828:
DETA
None 21 % 96 5.4± 0.9 14.7±2.2 157± 32 23± 4 12.1±3.5 9 0.94± 0.12 9 0.79± 0.374 9
Healing, 5 wt%
EPA:EPON 862,
97:3
31 % 32 4.6± 0.6 12.5± 1.2 183± 50 7± 1 14.8± 0.7 5 0.44± 0.052 5 0.45± 0.244 5
1 n = number of specimens.
2 Virgin impact energy absorption of specimens with 5 wt% HA control capsules was 0.48± 0.08 J.
3 Filled until closure of central puncture observed (0.20± 0.12 mL total delivery volume).
4 Filled with 0.3 mL total delivery volume.
3.2.3 Sealing
A hybrid system, incorporating both microvascular delivery of two-stage healing agents and
embedded microcapsules was formulated to separately address the central puncture damage
and the radiating microcracks (Figure 3.1). Previously, microcapsules have been successfully
applied to composite materials for sealing of microcracks [14, 22, 23]. In the hybrid system,
radiating microcracks from impact events rupture the microcapsules, releasing their content
into the crack plane. We implemented a single capsule system containing a solvent-epoxy
core to heal the microcracks (Figure 3.8a). The solvent swells the surrounding epoxy matrix
and facilitates the reaction of the liquid epoxy with residual amines in the matrix, thereby
repairing the microcracks [5,20]. Microcapsules containing the previously reported optimum
ratio of solvent:epoxy (97:3) were prepared by encapsulating 3 wt% EPON 862 (diglycidyl
ether of bisphenol-F (DBEBF)) dissolved in 97 wt% ethyl phenylacetate (EPA) solvent [20].
Non-healing control capsules were prepared containing the non-healing solvent hexyl acetate
(HA) [5]. The capsules were polydisperse (Figure 3.8b) with an average diameter of 140 ±
42 µm and 159 ± 35 µm for the control (HA) and healing (EPA:EPON 862, 97:3) capsules,
respectively. Capsules were added to liquid epoxy resin (EPON 828:dietheylenetriamine
(DETA), 100:12 by weight) at 5 wt%, poured into a plate mold, and allowed to cure at room
temperature for 24 h followed by 35 ◦C for 24 h [5, 7, 20].
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Figure 3.8: Microcapsules for the repair of radiating microcracks from an impact event
and the recovery of sealing performance. a) Schematic of microcapsule rupture and crack
healing with solvent healing capsules containing 97 wt% ethyl phenylacetate (EPA) and
3 wt% epoxy resin (EPON 862, DGEBF). b) Histogram of microcapsule diameters with
inset optical micrograph of microcapsules embedded in epoxy (EPON 828:DETA).
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The combination of healing capsules and filling of the central lost volume facilitates
complete sealing of impacted specimens after restoration. To test the ability of capsules
to seal microcracks, specimens containing no capsules, control capsules (non-healing, HA),
and healing capsules (EPA:EPON 862, 97:3) were impacted. For one set of specimens,
the central puncture was manually filled with an epoxy paste to isolate the ability of the
capsules to seal the radiating microcracks. After allowing 24 h for crack healing and curing
of the epoxy paste, specimens were tested by applying 345 kPa pressure to one side of the
specimen and monitoring the pressure on the opposite side to detect leakage (Figure 3.9a
and b) [14, 18, 22, 23]. Specimens without capsules and specimens with non-healing control
capsules failed to seal. In great contrast, 100 % of the specimens containing healing capsules
sealed and showed now detectable leakage during testing (Figure 3.9c).
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Figure 3.9: Seal testing of impact specimens. a) Schematic of seal testing apparatus (adapted
from [18] permission from The American Association for the Advancement of Science). b)
Representative pressure data for seal testing experiments. c) Seal performance of hybrid
system and controls. Microvascular delivery was carried out with 60:40 HEMA:HEA ratio
and 0.3 mL total delivery volume. Radiating microcracks were healed with solvent-epoxy
microcapsules. The total number of specimens indicated at the base of the column.
In a second set of experiments, the same three types of impacted specimens were filled
with the two-stage healing agents (60:40 HEMA:HEA ratio) using a pressurized delivery
scheme (see Section 3.4), and subsequently allowed to cure for two days. As in the exper-
iments with epoxy paste, 100 % of the specimens containing healing capsules sealed (Fig-
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ure 3.9c). In the no capsule and control (HA) capsule specimens, some specimens sealed
(1 of 9 and 2 of 7 respectively), due to two-stage healing agents wicking into the radiating
microcracks as observed previously by White et al. [18]. In addition to healing radiating
microcracks, the capsules influence the nature of the impact damage. Specifically, a consid-
erable reduction of radiating microcracks occurred when 5 wt% capsules were incorporated,
from an average of 23 without capsules to only 7 when capsules were present (Table 3.3,
Figure 3.10).
The hybrid specimens were re-impacted after pressure testing and specimens containing
healing capsules were able to recover 100 % of the initial impact energy (Figure 3.11, Ta-
ble 3.4). It should be noted that the hybrid system uses a different epoxy for the substrate
to facilitate solvent healing. The initial absorbed impact energy of the specimens of this
brittle epoxy system (KIC ∼ 1 MPa m0.5) [7] containing no capsules is 0.94 J, compared to
the rather tough epoxy system (KIC ∼ 2.2 MPa m0.5, 2.18 J) used for the impact energy re-
covery experiments in Section 3.2.2. In addition, the presence of capsules reduces the energy
absorption of the initial impact by ∼50 % (Table 3.3). A similar reduction in impact energy
absorption has previously been observed for epoxy containing glass microspheres [31].
Table 3.4: Detailed summary of results from impact and seal testing of hybrid system
experiments (Figure 3.9 and 3.11, EPON 828:DETA substrate epoxy, 60:40 HEMA:HEA
ratio, error bounds indicated are one standard deviation).
Specimen type
Energy Impact recovery Impact Maximum Time to max
Sealing
(%)
n1absorption (J) efficiency, ηE duration (ms) load (N) load (ms)
Virgin Restored (%) Virgin Restored Virgin Restored Virgin Restored
Control,
no capsules
0.94 ± 0.12 0.79 ± 0.37 84 ± 40 1.8 ± 0.1 4.3 ± 2.2 785.7 ± 135 352 ± 91 0.8 ± 0.2 1.8 ± 0.4 11 %3 9,9
Healing, 5 wt%
EPA:EPON 862,
97:3 capsules
0.44 ± 0.052 0.45 ± 0.24 102 ± 48 1.4 ± 0.1 4.3 ± 2.7 346 ± 21 243 ± 32 1.1 ± 0.1 1.4 ± 0.4 100 % 5,5
1 n = number of specimens for impact tests, seal tests respectively.
2 Virgin impact energy absorption of specimens with 5 wt% HA control capsules was 0.48± 0.08 J.
3 Sealing of specimens with 5 wt% HA control capsules was 29 %.
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Figure 3.10: Images of impact damage. Left to right: initial impact, after restoration, and
after re-impact. Red dashed circle indicates approximate location of striker during re-impact.
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Figure 3.11: Impact recovery efficiency of hybrid system and control containing no capsules.
Microvascular delivery was carried out with 60:40 HEMA:HEA ratio and 0.3 mL total de-
livery volume. Note: error bars represent high and low bounds; total number of specimens
indicated at the base of the column.
3.3 Summary
Improvements in both recovery of energy absorption as well as sealing performance are
achieved by tuning the formulation of the two-stage healing agents and introducing a hybrid
microcapsule-microvascular system. Multi-scale damage was addressed by separate heal-
ing approaches: two-stage healing agents delivered through a dual microvascular network
restored lost volume to recover impact energy absorption, while embedded microcapsules
healed radiating microcracks to facilitate sealing. Modulation of the mechanical properties
of the cured two-stage healing agents was demonstrated by varying the ratio of HEMA and
HEA monomers. When the material was highly viscoelastic, an optimum in the impact
recovery efficiency was observed, and over 100 % recovery was achieved for some specimens.
In addition, incorporation of microcapsules yielded 100 % sealing.
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3.4 Experimental Methods
3.4.1 Materials
Unless otherwise noted, materials were used as received. 2-hydroxyethyl methacrylate
(HEMA), 2-hydroxyethyl acrylate (HEA), dichloroacetic acid (DCA), Luperox DDM-9 (meth
-yl ethyl ketone peroxide solution), cobalt naphthenate, Oil Blue N, Oil Red O, perylene, Nile
Red, dietyhlenetriamine (DETA), Urea, Formalin (37 % formaldehyde in water), ammonium
chloride, resorcinol, and ethyl phenylacetate (EPA), hexyl acetate (HA), were obtained from
Sigma Aldrich. Ethylene-maleic anhydride (EMA) copolymer (Zema-400) powder with an
average Mw = 400 kDa was received from Zeeland Chemicals and used in a 2.5 wt% deion-
ized water solution. Desmodur L75 was purchased from Bayer MaterialScience and used
as received. EPON 828, EPON 862 and EPIKURE 3230 (Momentive) were obtained from
Miller-Stephenson. Ultra-Ever Dry was generously provided by Ultratech International Inc.
DFWB-K10-50 and DFSB-K43 were obtained from Risk Reactor. Epoxy paste (QuickPlas-
tic, Polymer Systems Inc.) was purchased from McMaster-Carr.
3.4.2 Two-Stage Healing Agents
Gelator A, bis-acylhydrazine-terminated poly(ethylene glycol); and gelator B, tris[(4-formyl
phenoxy)methyl]ethane; were synthesized following previously described procedures [18,32].
The components of the healing agents were separated into “Part A” and “Part B” solu-
tions given in Table 3.5. Gelators were dissolved into the appropriate monomer mixture
using sonication (5–10 min). The remaining components were then added to their respective
solution and mixed via vortex mixer. All experiments were performed with solutions con-
taining 12 wt% gelators prepared in quantities commensurate with the number of specimens
to be tested (1.5–6 mL). Gel times (Table 3.6) were determined via inversion of a 10 mm
cylindrical vial [18]. Solutions used for microvascular delivery of healing agents were dyed
62
for visualization with 0.5 mg mL−1 Oil Red O in Part B and 0.5 mg mL−1 Oil Blue N in
Part A. Solutions used for fluorescent fill images (Figure 3.1b) were dyed for visualization
with 0.6 mg mL−1 DFWB-K10-50 (Risk Reactor) and 1.5 mg mL−1 Nile Red in Part B and
1.25 mg mL−1 perylene in Part A.
Table 3.5: Two-part solution composition for two-stage healing agents containing 1.5 wt%
initiator, 0.1 wt% promoter, and 2 v/v% catalyst with respect to monomer. Values are given
for a solution volume of 2 mL total monomer (1 mL per part).
Component Amount
Part A
Gelator A1(61 %) 0.146 g
Catalyst 40.8 µL
Promoter 2.1 µL
HEMA:HEA2 1 mL
Part B
Gelator A1(39 %) 0.093 g
Gelator B 0.053 g
Initiator 31.0 µL
HEMA:HEA2 1 mL
1 12 wt% gelators (3:2 mol ratio A:B)
which were divided for equal volume
Part A and Part B.
2 HEMA:HEA ratios are by weight and
ranged from 100:0 to 30:70.
Table 3.6: Gel time for three ratios of HEMA:HEA, determined by inversion test. Solutions
contained 12 wt% gelators, 1.5 wt% initiator, 0.1 wt% promoter, 2 v/v% catalyst. Error
represents one standard deviation (n = 3).
HEMA:HEA ratio Gel time (s)
100:0 26.3± 0.6
60:40 29.3± 1.2
30:70 32.0± 1.0
3.4.3 Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) experiments were performed with a TA Instruments
RSA III. Solutions were cured in molds consisting of two glass slides separated by a silicone
spacer (0.5 mm thick) at room temperature under nitrogen purge for two days at room
temperature. The resulting sheets were cut into rectangular specimens (dimensions 30×3×
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0.5 mm). Specimens were tested in tension with a 20 mm gage length. In temperature sweep
experiments, the temperature was ramped from −100 ◦C to 150 ◦C at a rate of 5 ◦C min−1.
The frequency was 1 Hz and the strain was 0.1 %. The tensile storage (E′) and loss (E′′)
moduli were recorded as a function of temperature (Figure 3.3b and c). The glass transition
temperature (Tg) was taken as the peak in the tan δ =E
′′/E′ curve for most specimens.
Some specimens exhibited a double peak due to post cure during the temperature ramp
[33], in these cases the Tg is reported as the first peak or shoulder of the tan δ curve.
Frequency sweeps were performed (0.1–20 Hz) at room temperature (∼22 ◦C) and 0.1 %
strain (Figure 3.3d).
3.4.4 Microcapsule Fabrication
Microcapsules were synthesized using the polyurethane (PU)–poly(urea-formaldehyde) (UF)
double shell wall polymerization procedure described by Caruso et al. [34] with an agitation
rate of 400 rpm and a tall 600 mL beaker. Capsules were rinsed three times using deion-
ized water and once with ethanol and allowed to dry. The capsules were then sieved to
include diameters from 75–250µm. Average capsule diameter was determined using optical
microscopy (Figure 3.8b). Capsules for Figure 3.1b were dyed for visualization with 1.6 wt%
DFSB-K43 (Risk Reactor).
3.4.5 Specimen Fabrication
Microvascular specimens were fabricated via cell-casting in which silicone gaskets were sand-
wiched between two glass sheets. Fluoropolymer monofilament (330 µm diameter) was sus-
pended between gaskets to create channels in the midplane of the specimens. The mold
was filled with epoxy (EPON 828:EPIKURE 3230, 100:32 by weight; or EPON 828:DETA
100:12 by weight, with or without microcapsules). Microcapsules, either healing or control,
were added at 5 wt% to the liquid epoxy and mixed prior to pouring into the mold. EPON
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828:EPIKURE 3230 specimens were cured according to manufacturer specifications (80 ◦C
for 2 h and 125 ◦C for 3 h), and EPON 828:DETA specimens (with and without capsules)
were cured at room temperature for 24 h followed by 35 ◦C for 24 h [5, 7, 20]. The resulting
cured epoxy sheets were removed from the mold, the filaments were extracted by hand, and
specimens were cut to approximately 52 mm× 52 mm. Specimens were 3 mm thick and con-
tained two parallel microchannels. Ultra-Ever Dry surface coating was diluted 3:1 by weight
(acetone:top coat, xylenes:bottom coat) and applied to specimens prior to damage using an
airbrush (Iwata-Medea Plus C) sprayed at ∼175 kPa. When the damage was introduced,
the two channels were ruptured resulting in two pairs of inlets to the damage site.
3.4.6 Impact Testing
Impact damage was created using a drop-weight tower (Dynatup 8210, Figure 3.4a) equipped
with a 4 mm, hemispherical shaped tup (striker) with a 3 mm stepped shank to reduce friction
from dragging of the shaft through the specimen (Figure 3.5). The drop height was 100 mm
with corresponding impact energy of 6.12 J. The specimen was clamped into a fixture with
a 38 mm opening, and the striker was aligned to intersect the channels. After initial impact
testing, specimens were prescreened to remove those that lacked mechanical integrity, had
cracks at the clamped boundary, or possessed through-holes larger than 10 mm in span. The
remaining specimens were imaged using an overhead charge-coupled device (CCD) (Basler
AF213423) with attached lens (Nikon AF Nikkor 50mm 1:1.8D). Images were analyzed using
a custom MATLAB (MathWorks) program to determine the area and maximum span of the
root (the smaller of the two sides of the conical damage zone, Figure 3.7 and 3.10) of the
central puncture. Specimens with less than 6.5 mm in maximum span of the root were used
for filling experiments. Further image analysis was performed using Adobe Photoshop (CS6,
v.13.0.6) and ImageJ (NIH, v.1.46r) to extract the geometric dimensions in Table 3.3.
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After restoration of impact damage using two-stage healing agents, curing, and seal
testing, specimens were re-impacted using the same testing protocol to determine their
efficiency of recovery of impact energy. For the repeat impact test, specimens were oriented
with the larger diameter of the conical central damage oriented upward (toward the striker).
Impact testing was performed using an instrumented tip that collected force data for 35 ms
during the impact. The resulting force data was smoothed for visualization using a moving
average filter with a 15-point span (0.28 ms) (Figure 3.4b). Raw force-time data was used to
calculate absorbed energy using an energy balance method described in ASTM D3763 [35].
The total absorbed energy was taken from the time of impact until the plateau in the energy
curve (Figure 3.4c). Data is shifted such that t = 0 indicates the point of impact. A detailed
summary of the results from impact tests including the average total absorbed impact energy
for each specimen type is given in Tables 3.1, 3.2, and 3.4.
3.4.7 Fill Experiments
Fill experiments were performed under ambient conditions. Part A and B solutions were
loaded into 3 mL syringe barrels (Nordson EFD), and attached to two syringe tips each
(150 µm inner diameter/310 µm outer diameter, Nordson EFD) with flexible silicone tubing
(1.59 mm inner diameter, HelixMark®). Syringe tips were inserted into each end of a mi-
crochannel. Specimens were oriented with the larger diameter of the conical central damage
oriented upward, clamped to keep them stationary, and horizontally leveled. A small pos-
itive pressure was maintained (∼50 Pa) to prevent backflow. Delivery was conducted via
computer-programmed (LabVIEW 2013) control of pressure dispensers (Ultimus V, Nord-
son EFD). The fluid delivery was calibrated prior to the fill test such that the volume per
pulse per syringe tip was approximately 1µL. The pumping consisted of an alternating
scheme in which Part B component was pumped for a 1 s pulse, followed by a 3 s delay,
then Part A component was pumped for a 1 s pulse, followed by a 7.5 s delay. For the
experiments in which impact specimens were filled with varying ratios of HEMA:HEA (Fig-
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ure 3.6), pumping was allowed to continue until either the central puncture was observed
to close or failure occurred by surface wetting, channel blockage, or a lack of detectable
progress towards complete closure over several delivery cycles. The resulting total delivery
volume of healing agents was 0.20± 0.12 mL. For the microvascular delivery experiments in
the sealing study (Section 3.2.3), the number of cycles was prescribed to 75, which corre-
sponds to approximately 0.3 mL total delivery volume. Fill progression was monitored using
an overhead charge-coupled device (CCD) (Basler AF213423) with attached lens (Nikon AF
Nikkor 50mm 1:1.8D). For both microvascular delivery and paste fill experiments in the
sealing study (Section 3.2.3, using EPON 828:DETA) specimens were filled ∼1 day after the
initial impact. For manual injection and paste fill experiments, a flat sheet of silicone was
placed on one side of the specimen to retain the filling material in the damage. Specimens
were oriented with the larger side of the conical damage upward and placed on a flat surface.
Two-stage healing agents were premixed and manually injected via syringe into the damage.
Epoxy paste was pressed into the damage by hand. In both cases the damage was manually
filled until the thickness conformed to the original thickness of the specimen.
3.4.8 Seal Testing
After restoration of impact damage using two-stage healing agents, specimens were cured
under nitrogen purge for two days at room temperature, and the tested for sealing. Epoxy
paste fill specimens were filled ∼20 h after the initial impact and pressure tested after the
epoxy paste was allowed to cure ∼3 h. Seal testing was performed using a pressure test
cell [14, 18, 22, 23]. Specimens were pressurized with nitrogen gas to 345 kPa. An input
transducer monitored pressure on the pressurized side of the specimen while an output pres-
sure transducer on the opposite side of the specimen detected leakage across the restored
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damage volume (Figure 3.9a). Including a 30 s ramp, pressure was applied for 10 min du-
ration. Fully sealed specimens exhibited no detectable leakage across the specimen for the
entire duration of the test (Figure 3.9b). Failure was defined as specimens that did not seal
the full 345 kPa pressure for the entire test.
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Chapter 4
Regenerative Polymeric Coatings via
Pressure Responsive Surface Valves
Synthetic materials have been developed that mimic natures ability to self-heal using com-
partmentalized reagents, embedded vascular systems, and intrinsic reversible bonding [1].
Though significant advancements have been made since its conception, the realizations of
self-healing technology remain elementary compared to natural systems. Of particular in-
terest is creating a synthetic system more akin to biological regeneration: capable of re-
covering large-scale damage, for multiple cycles, in a fashion that restores the material to
its undamaged state. In this study, we demonstrate a regenerative coating system that is
a simplified synthetic analog of skin, with a vascularized substrate (dermis) and protective
coating (epidermis). Wound healing in skin, though not regeneration, is a complex process
that effectively recovers lost function [2]. We report the regrowth of a protective UV curable
epoxy coating after complete abrasive removal. An integrated surface valve prevents pre-
mature curing of healing agent contained within the vasculature prior to damage-triggered
release, facilitating recovery from repeat damage events.
4.1 Introduction
Our concept for regenerative coatings, described in Figure 4.1, is subdivided into three
stages: triggering, transport, and repair [1]. Initially, a protective coating is deposited on
a vascularized substrate, a multi-layer model similar to the structure of skin [2]. Upon
damage-induced removal of the coating (triggering), the valves are exposed and uncured
liquid healing agent is released onto the surface of the substrate (transport). Ultraviolet
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(UV) light from the sun cures the liquid healing agent, reforming the protective coating
(repair). In contrast to the small cracks or scratches repaired previously, where capillary
forces draw healing agents into damage [3–6], we demonstrate regeneration of a large area
of coating that is completely removed. Thus, a different transport strategy is required.
Motivated by prior work demonstrating pressurized vascular systems in bulk polymers and
composites [7–10], we implement a pressure responsive surface valve to mediate release of
healing agents. Previous vascular repair strategies implement two-part chemistries [5–11]
which remain stable when segregated in separate vascular networks until damage-triggered
release brings them together to initiate polymerization. However, this necessitates adequate
mixing and release of an appropriate ratio of the two reagents to achieve polymerization
and recovery of mechanical properties. In addition, to handle multiple damage events, the
vasculature must remain uncontaminated after healing. To circumvent these limitations,
we introduce a single-part UV curable healing agent that remains within the vasculature
until damage triggers the release of the healing agent onto the surface where exposure to
sunlight induces polymerization. The valve shields unreleased healing agent from sunlight
and isolates the vasculature from the damage site, preventing channel blockage. While
previous work has demonstrated the recovery of large-scale damage [11], this is the first
example of a system that does so over repeated damage events, and also produces a coating
with the same chemical composition as the original coating.
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Figure 4.1: Coating regeneration cycle. Abrasive damage triggers the release of liquid healing
agent stored in the underlying vasculature. A one-part healing agent reforms the protective
coating when exposed to simulated sunlight. UV protection of the underlying vasculature
enables multiple regeneration cycles.
4.2 Results and Discussion
4.2.1 Embedded Surface Valves
The key to successfully regenerating a coating is the vascular substrate and valve design
(Figure 4.2). The embedded vascular channel contains uncured liquid epoxy that is released
onto the surface of a rigid substrate via a pressure sensitive valve. The valve terminates at the
interface between the substrate and the protective coating, which constrains the valve and
holds the vascular system at a nominal static pressure. After damage, the valve is no longer
constrained and internal pressure forces the valve open (Figure 4.2b) to autonomously release
healing agent. A soft-lithography inspired technique [12] enables the fabrication of the valve
body and channel. The valve exterior is a circular cylinder protruding from the channel, and
the interior comes to a conical point (Figure 4.2c). The valve is constructed from silicone
elastomer (poly(dimethylsiloxane), PDMS) containing 0.1 wt% carbon black (Figure 4.2d).
Carbon black reduces the transmitted irradiance of PDMS by ∼97 % (Table 4.1). The valve
closes when the pressure is disengaged, effectively preventing UV light from entering the
vascular channel and prematurely curing the unreleased healing agent contained within.
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Figure 4.2: Embedded surface valve for coating regeneration. a) Cross-sectional diagram of
valve and vascular channel embedded in substrate (scale bar = 2 mm). b) Model results for
valve operation under pressure. The undeformed shape (left) and deformed shape (right)
were modeled using SolidWorks Simulation (v.2013) for an internal pressure of 276 kPa
(scale bar = 0.5 mm). c) 3D x-ray computed microtomographic (microCT) reconstruction
of channel and conical valve interior filled with gallium (scale bar = 0.5 mm, Section 4.4).
d) Valve specimens embedded in carbon black filled epoxy (left) and unfilled epoxy (right)
(scale bar = 5 mm).
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Table 4.1: Transmitted UV irradiance (365 nm peak wavelength, ENF-240C, Spectroline)
through silicone (poly(dimethylsiloxane), PDMS). The transmitted intensity of PDMS is
reduced by ∼97 % when 0.1 wt% carbon black is incorporated.
Condition
Irradiance
(mW cm−2) % Blocked
Unblocked 2.43 ± 0.03 -
0.75 mm thick PDMS 2.14 ± 0.09 12 %
0.75 mm thick PDMS, 0.1 wt% carbon black 0.06 ± 0.01 98 %
4.2.2 Sunlight Curable Healing Agent
We sought a one-part healing agent, to preclude the challenges imposed by two-part
chemistries. Our one-component healing agent was selected to polymerize under ambient
conditions, without intervention. Photo-initiated reactions meet these requirements, where
UV light cleaves covalent bonds, producing active species that induce polymerization [13–16].
Furthermore, photocurable chemistries can be selected to harness the UV light available in
sunlight, removing the need for a non-autonomous post cure (Figure 4.3) [16]. The healing
agent, a solution of liquid monomer and photoinitiator, is protected from UV light and re-
mains stable when quiescent within the vascular substrate; when released and exposed to
sunlight it solidifies into a protective coating. While most UV cured coatings in industry
use free-radical photoinitiators, atmospheric oxygen quickly quenches radicals and prevents
polymerization [13, 14]. To overcome these typical environmental limitations, we prepared
a one-part UV curable healing agent containing cationic photoinitiator (4 wt%, Irgacure
250) in diluted Bisphenol-A based epoxy (EPON 813). Cationic photoinitiators generally
require shorter wavelengths of light, that are less intense in sunlight, than free radical sys-
tems (Figures 4.3 and 4.4), but are not sensitive to oxygen and polymerize epoxies [13, 15].
To confirm that sunlight cures the coating, specimens were exposed to a lamp with UV
irradiance comparable to sunlight (1 mW cm−2, 365 nm peak wavelength, Figure 4.3b, Sec-
tion 4.4). The time to cure the healing agent can be tuned to fit the intended application
by adjusting the photointiator concentration or addition of a sensitizer [17]. Since higher
intensity lamps are typically used for UV curing, we confirmed that the hardness attained
77
when using the simulated sunlight lamp is comparable to a high intensity mercury lamp
(6 mW cm−2, 4 h). After 8 h of exposure to the simulated sunlight lamp, both the top and
bottom of the coating (∼1 mm thick) reach full hardness (Figure 4.5) with ∼100 % degree of
cure by differential scanning calorimetry (DSC, Figure 4.6). We also note that the measured
hardness of the coating is not influenced by the substrate (glass in these tests), since the
indentation depth is small (maximum ∼40 µm) relative to the coating thickness (∼1 mm).
Therefore, this UV curable epoxy fulfills our requirements of being a one-part healing agent,
capable of autonomous polymerization under ambient conditions.
Figure 4.3: a) Irradiance spectrum of sunlight from ASTM G173 for direct normal irradi-
ance [18]. b) Irradiance spectrum of sunlight, UV regime compared to that of UV lamp
(365 nm peak irradiance).
4.2.3 Flow Rate Evaluation
In order to deliver the appropriate volume of healing agent to the surface, valve flow charac-
terization is necessary. Valves were characterized independently of regeneration experiments
to determine the response of the valve to pressure and viscosity. Glycerol and solutions of
water and glycerol were used for characterization to ensure non-reactivity of the test liq-
uid. Our measurements show that the correlation of pressure to flow rate for the valves
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Figure 4.4: Absorption spectra of example a) cationic (Irgacure 250, BASF) and b) radical
(Irgacure 184, BASF) photoinitiators. Collected using a UV-Visible Spectrophotometer
(model UV-2401PC, Shimadzu) in Acetonitrile. Peaks in the absorption spectra represent
wavelengths to which the photoinitiator is sensitive.
Figure 4.5: Vickers indentation hardness testing of UV cured coating (EPON 813, 4 wt%
Irgacure 250). Exposed to simulated sunlight lamp (1 mW cm−2) for various times and
hardness tested on both top (green) and bottom (black) of 1 mm thick coating. Error bars
represent one standard deviation (n = 3). Horizontal lines indicate hardness of specimen
cured for 4 h using a high intensity lamp. Bands represent one standard deviation of three
measurements of the same specimen. Hardness tested on both top (green band) and bottom
(grey band) of 1 mm thick coating (n = 1, 6 mW cm−2)
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Figure 4.6: Degree of cure data determined using Differential Scanning Calorimetry (DSC).
Error bars represent one standard deviation (n = 3).
is nearly linear (R2 = 0.990) (Figure 4.7a). The minimum pressure required for flow is
∼67 kPa (x intersect of linear fit of flow vs. pressure data). Testing with glycerol and water
solutions of various mass ratios confirms that flow rate is inversely proportional to viscosity
(Figure 4.7b). We also measured flow rate of the valves using liquid epoxy (our monomer
for regeneration testing), and epoxy with 0–40 wt% silica filler. Fillers including silica and
titanium improve mechanical properties of coatings such as hardness and abrasion resis-
tance [19]. As the silica filler content increases, the viscosity increases exponentially. Flow
rate tests with silica filled epoxy (Figure 4.8) demonstrate a similar influence of viscosity as
when testing with glycerol/water. However, we observed a reduction in flow rate over time
when testing with epoxies, attributed to swelling since the valve material is known to swell
when exposed to many organic liquids [20]. We used a commercial elastomer (PDMS) for
easier fabrication, but elastomeric fluoropolymers could offer greater chemical compatibility,
and still be fabricated using similar techniques as PDMS [21].
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Figure 4.7: Flow Characterization of valves. a) Flow rate vs. applied pressure (n = 5, test
liquid = glycerol). b) Flow rate at 276 kPa for a variety of liquids over a range of viscosites.
Label indicates mass fraction water in glycerol/water test liquid (n = 6). Error bars represent
one standard deviation.
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Figure 4.8: Flow rate at 276 kPa through valves using epoxy based liquds, both our
monomer from the regeneration tests (EPON 813) and a cycloaliphatic epoxy (3,4-
Epoxycyclohexylmethy 3,4-epoxycyclohexanecarboxylate, EEC, Sigma Aldrich). Label (0-
40 %) indicates the mass fraction of silica. Data point for EPON 813 indicated, remaining
data points are EEC based (40 wt% silica in EEC is Nanopox C620 (Evonik), 10–30 wt%
silica in EEC are mixtures of C620 and EEC). Connecting lines indicate testing order, start-
ing with EPON 813 and ending with 40 wt% silica in EEC (n = 6). Note the reduction in
flow rate between run 1 and run 2. Both testing runs were completed with the span of an
hour. A longer exposure to the healing liquid results in a more drastic reduction in flow rate
(data not shown). Viscosity measured on a TA instruments AR-G2 rheometer using 25 mm
aluminum parallel plates at room temperature (∼21 ◦C). Error bars represent one standard
deviation.
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4.2.4 Coating Regeneration
Regeneration is accomplished in a simplified sample geometry consisting of a channel and
single compliant valve embedded in epoxy (Figure 4.2d). The original coating (generation 0)
is formed on the test specimen by pumping liquid through the valve using a constant static
pressure (276 kPa) until the specimen is coated (∼100 µL). The specimen is subsequently
irradiated with UV light to cure the coating. Each generation (0–4) of coating is cured with
the simulated sunlight lamp (1 mW cm−2, 12 h) and evaluated using Vickers indentation
hardness. After evaluation, the vascular system is reconnected to a healing agent reser-
voir and pressurized. Damage is introduced by translating the specimen under an abrasive
wheel until the coating is completely removed and the valve is re-exposed (Figure 4.9a), au-
tonomously triggering the release of liquid healing agent to the coating surface. The process
of abrasive removal and coating regeneration is repeated a total of four cycles (generations
1-4). All specimens fully regenerated after every cycle, with hardness near the virgin and
high intensity lamp cured coatings for all regenerations (Figure 4.9b). The time required to
form each generation of coating (0–4) is recorded and used to determine an average overall
flow rate (Figure 4.10). We observed decreases in flow rate from one cycle to the next, which
are attributed to swelling [20] or self-adhesion [22] of PDMS, and also increasess in flow rate
with each cycle, which are attributed to valve damage. Due to the cycle-to-cycle variability
in flow rate, the coating deposition was monitored and the static pressure was manually shut
off once a controlled volume was filled. This important challenge is the focus of our future
research to autonomously control deposition volume.
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Figure 4.9: Regeneration process and results. a) Top view images of specimen during abra-
sive removal of coating (scale bar = 5 mm), red outline indicates abrasive wheel. b) Hardness
of each generation, cured with simulated sunlight lamp (n = 3, 12 h at 1 mW cm−2), horizon-
tal bar indicates full cure, with high intensity lamp (4 h at 6 mW cm−2). Horizontal lines on
generation 0 column indicate Vickers hardness of coating bottom at given time point (from
Figure 4.5). Error bars and dashed lines bound 1 standard deviation.
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Figure 4.10: Average flow rate vs. generation for 3 valves used in regeneration testing.
Average flow rate was determined from the measured time to fill a controlled volume. Actual
volume deposition was calculated based on measured diameter and thickness of cured coating.
Horizontal line indicated predicted flow rate based on valve characterization data from Run 1
(0 % EPON) in Fignure 4.8.
4.3 Summary
In this work, a pressurized vascular system containing a compliant UV blocking valve facil-
itates regeneration of a protective polymeric coating after large-scale abrasive removal for
four repeat cycles. The valve isolates unreleased healing agent, preventing contamination
and blockage of the vasculature. Full recovery of a coating with identical chemical composi-
tion and hardness as the original coating parallels the ability of biological organisms to attain
complete functional regeneration. A one-part healing agent, which cures under ambient sun-
light, eliminates the necessity for in situ mixing in previous self-healing systems. Combining
the present system which targets large-scale damage with existing vascular or capsule based
approaches to self-healing which target cracks and scratches [3–6] will enable recovery of
multiple scales of damage. A system containing multiple valves connected by a pervasive
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vascular network [10] will allow for recovery of larger damage areas. We envision extending
the application of pressure sensitive valves by coupling them with integrated pumps and
reservoirs to create materials that are not only capable of autonomic regeneration, but can
also perform functions such as self-cooling [23] or sensing [9].
4.4 Experimental Methods
4.4.1 Specimen Fabrication
The valve and channel were made of PDMS (Sylgard 184, Dow Corning) containing 0.1 wt%
carbon black, (Vulcan XC72R, Cabot) molded in a 2-sided aluminum mold (Figure 4.11)
and partially cured (80 ◦C for 16 min). The molded structure was enclosed by bonding to a
0.5 mm thick sheet of PDMS (cured 80 ◦C for 16 min), using a film of uncured PDMS as a
glue [12]. Multiple valves were bonded to a single sheet and separated after curing (room
temperature (RT ∼21 ◦C) for ∼12 h, 80 ◦C for 3 h). The silicon valve and channel were
sandwiched between a glass slide (coated with release agent, Frekote 55-NC, Henkel) and an
epoxy slide (Figure 4.12) and placed in a weigh boat that served as the mold. The top of
the valve was in contact with the glass slide. Liquid epoxy (EPON 813, 22.7 pph EPIKURE
3300, Momentive, with 0.1 wt% carbon black) was poured into the mold to embed the
sandwich structure and cured (RT for 24 h, 80 ◦C for 5 h). Multiple valves were embedded in
one mold and were later sectioned to create single specimens. The glass slide was removed
to expose the top surface of the valve. A 1.5 mm long razor blade was used to pierce the top
of the valve and create the valve leaflets (opening). Connection of the source liquid to the
specimen was made with a Luer-lock type stainless steel dispensing tip. A syringe needle
(23 ga) was used to pierce a hole in the end of the channel, and the larger dispensing tip
(20 ga, Nordson EFD) was inserted and attached with a 5 minute® epoxy (Devcon).
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Figure 4.11: Aluminum mold master used to fabricate valve and channel body
(scale bar = 5 mm).
Figure 4.12: Diagram of mold for embedding valve in epoxy. The stack is placed in weigh a
boat and epoxy is molded around entire stack. The glass slide is coated with release agent
(Frekote 55-NC, Henkel). The top of the valve is in contact with the glass slide so that it
is exposed on the surface of substrate after molding (see Figure 4.2d). Multiple specimens
are molded at once, and sectioned. The end of the channel is exposed during sectioning for
attachment to the liqud source.
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4.4.2 Flow Rate Testing
Flow rate was obtained using glycerol, glycerol/water solutions, liquid epoxy (EPON 813,
Epoxycyclohexylmethy 3,4-epoxycyclohexanecarboxylate, EEC from Sigma-Aldrich) and sil-
ica filled epoxy (Nanopox C620 form Evonik) at RT. Glycerol/water solutions enable flow
measurements in the absence of PDMS swelling [20]. Specimens were charged with the work-
ing liquid by hand prior to testing to remove air. Flow rate vs. pressure data was obtained
by applying a series of pressures (69, 138, 207, 276 kPa) using a computer controlled pres-
sure pump (Ultimus V, Nordson EFD) and glycerol as the test liquid. Liquid was allowed
to drip from the valve onto a balance (XS204 DeltaRange, Mettler-Toledo), which logged
mass data at 10 Hz. The mass flow rate was extracted from the mass vs. time plot. Flow
rate vs. viscosity data was obtained using glycerol/water solutions with 0, 1, 3 and 7 wt%
water [24] and liquid epoxy containing silica filler (0 to 40 %) with an applied pressure of
276 kPa. Viscosities were measured on a TA instruments AR-G2 rheometer using 25 mm
aluminum parallel plates at RT.
4.4.3 Regeneration Testing
Valve specimens were fixed to a 4-axis stage (Thor Labs) and leveled. An adhesive backed
silicone sheet (20×20×1 mm thick, McMaster-Carr) with an 11 mm diameter hole was affixed
to the top surface of the specimen and served as a well to control the deposition area. The
channel and valve were charged with healing agent by hand (EPON 813, with 4 wt% Irgacure
250, BASF) to remove air. Static pressure (276 kPa) was applied to the specimen until the
well was filled. The coating was then exposed to UV light for 12 h (1 mW cm−2, 365 nm
peak wavelength, ENF-240C, Spectroline). Intensity was verified with a UV light meter
(UV513AB, General). Diameter and thickness of each generation of coating was measured
and used with fill time to calculate average flow rate (Figure 4.10). Hardness of the cured
coating was measured using a Vickers indentation hardness tester (5 measurements, 50 g,
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5 s, HMV-M3, Shimadzu). To remove the coating, the specimen was translated under a
rotary abrasive wheel (320 grit, 12.7 mm diameter, 400XPR, Dremel). A new silicon well
was placed on the surface of the specimen for each generation. In some cases, the flow was
too rapid to place the silicon well. To gain a measure of flow rate, the pressure was removed,
the surface was cleaned of uncured coating material, a well was placed, the pressure was
re-engaged until the well was filled, and the time was recorded.
4.4.4 Measurement of UV Lamp Emission Spectrum
The emission spectrum of the UV lamp (365 nm peak wavelength, ENF-240C, Spectroline)
was collected using a spectrometer (HR2000+, Ocean Optics) yielding the relative spectral
intensity (Iλ, arbitrary units nm
−1) as function of wavelength (λ). The spectral sensitivity of
the UV light meter (UV513AB, General) (Figure 4.13) [25] was used to determine the total
relative intensity (Iλ1−λ2, arbitrary units) scaled for the sensitivity of the UV light meter:
Iλ1−λ2 =
∫ λ2
λ1
IλSλdλ (4.1)
The emission spectrum was scaled from relative to absolute units by using the measured
total irradiance (Eλ1−λ2, µW cm−2) of 1 mW cm−2 (used for curing the coatings):
Eλ = Iλ
Eλ1−λ2
Iλ1−λ2
(4.2)
where Eλ is the spectral irradiance (µW cm−2 nm−1). Thus the irradiance of the lamp can
be plotted on the same scale as sunlight in Figure 4.3b.
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Figure 4.13: Spectral sensitivity of UV light meter (UV513AB, General) (adapted from [25]).
4.4.5 Determination of Appropriate Cure Time
In order to determine the time necessary to reach maximum Vickers hardness, specimens
were exposed to UV light (1 mW cm−2, 365 nm peak irradiance) for a series of times (0, 1,
2, 3, 4, 6, 8, 12, and 16 h). Specimens consisted of 0.11 g of UV curable material (EPON
813, 4 wt% Irgacure 250) cast in a well on a glass slide. An adhesive backed silicone sheet
(20 × 20 × 1 mm thick) with an 11 mm diameter hole was used as a dam to create the
well. Three specimens were tested at each exposure time. Likewise, some specimens were
cured using a high intensity mercury lamp (6 mW cm−2, 365 nm peak irradiance, Black-Ray
Model B 100AP, UVP) for a series of exposure times (data shown for 4 h cure).
After exposing to UV light for the appropriate time interval, specimens were evaluated
using Vickers indentation hardness testing (50 g, 5 s, Figure 4.5), and differential scanning
calorimetry (DSC, Figure 4.6). The hardness on the top of the specimen was measured
five times and its hardness was taken as the average. The coating was removed from the
glass substrate using a razor blade and the hardness of the bottom side of the specimen was
also measured. At an exposure time of 1 h, hardness measurements on the bottom were not
attainable since the material was still too soft. DSC experiments were conducted with a TA
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Instruments Q20 DSC. Degree of cure data, or percent cure, was determined from the area
under the exotherm curve of samples heated from 25 to 300 ◦C. Exotherms of specimens
exposed to UV for specified cure times were referenced to uncured material (∼410 J g−1).
Sample size was 6–10 mg.
4.4.6 X-Ray Computed Microtomography
X-ray computed microtomographic (microCT) images were acquired on an Xradia
MicroXCT-400 after filling the empty valve specimen with gallium that served as a ra-
diocontrast agent. 360° scans were obtained in rotation intervals of 0.4° using a 4x objective
at 5 s exposure times with 60 keV (8 W, 133 µA). 3D image reconstructions were performed
using TXM Reconstructor (v.8.1, Xradia) and visualized in 3D with TXM3Dviewer (v.1.1.6,
Xradia).
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Chapter 5
Autonomous Regeneration of
Polymeric Coatings‖
Self-healing polymers repair themselves in response to damage, but are limited in their
ability to autonomously control the volume of healing agents released, the length scale of
damage they address, and their ability to respond to multiple damage events. Here we
report a novel design for healing agent storage and release for vascular coating systems
that allows for complete regeneration of a coating with precise and autonomous control of
coating thickness. A variety of healing agent formulations that cure under ambient sunlight
are explored and their cure profiles and mechanical properties are reported. In the proposed
vacular coating system the stored healing agent remains stable within the network until
large-scale damage (e.g. abrasion) removes the protective coating. A precise volume within
the network is then released, and cures when exposed to simulated sunlight to reform the
protective coating. Our coating system facilitates consistent coating thickness and hardness
for several cycles of coating removal and regeneration.
‖Accumulator research was conducted in collaboration with Dr. Michael Rossol.
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5.1 Introduction
The burgeoning field of self-healing materials offers the potential for synthetic materials that
have biological-like responsiveness to repair themselves when damaged. The potential ad-
vantages of this approach in materials design is improved service lifetime and safety as well as
reduced overdesign typical in engineering structures [1]. Historically, research in self-healing
polymers and composites has targeted damage due to scratches, fracture, delamination, and
puncture [1–8]. No matter the type of healing system invoked (capsule-based, vascular, or
intrinsic), nearly all are relegated to small scale damage modes.
Previous demonstrations of self-healing polymeric coatings have almost exclusively fo-
cused on cracks or scratch damage. In both microcapsule and microvascular systems, re-
active fluids (healing agents) are released in response to damage [6, 7]. When the scale of
damage is small, healing agents can be drawn into the crack via capillary forces. Intrinsic
systems are inherently reversible and reform bonds when there is intimate contact of the
damage surfaces [9,10]. However, if the damage is sufficiently large, transport of the healing
agent by capillary forces is inhibited, and reversible bonding is not possible. In addition,
capsule based systems are limited both in their payload (total volume of healing agent)
and they only allow for a single repair event. [6]. In contrast, microvascular systems, can
deliver a potentially inexhaustible supply of healing agents and they enable multiple repair
events. [7, 8].
The work presented in Chapter 4 utilized a pressurized delivery system with a microvas-
cular healing approach to regenerate polymeric coatings in response to large scale abra-
sive damage. A pressurized delivery system can address large scale damage modes since it
overcomes the limitations of capillary forces for fluid transport. A valve that blocked UV
penetration into a microvascular substrate both protected the stored healing agent from
premature curing and isolated the abrasive damage from the vascular network. This system
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utilized a one-part sunlight curable epoxy healing agent to eliminate the necessity for in situ
mixing prevalent in self-healing systems [5, 8]. Despite its success, one key limitation of the
coating system was the requirement for external control to terminate the flow of healing
agent during the regeneration event in order to avoid excessive bleed out.
In this paper, we report on a novel storage and release mechanism for autonomous regen-
eration of polymer coatings. Our design relies on a pressure-activated membrane element
(an accumulator) that stores a prescribed volume of healing agent. Integration of the accu-
mulator, as a localized reservoir in a microvascular system, eliminates the need for external
control of healing agent delivery. We also consider three important factors in the design
of a regenerative system: the relevant timescales of the regeneration cycle, modulation of
these timescales, and tuning of the healing agent volume released. New sunlight curable
healing agents are explored for both modulation of curing kinetics and mechanical perfor-
mance. Factors affecting the volume of healing agents released and the timescale for their
delivery are studied. The healing agent payload volume is calibrated by both experimental
measurement and an analytical model. Multiple regeneration cycles of protective polymer
coating with controlled thickness are demonstrated using a sunlight curable healing agent.
5.2 Results and Discussion
Our concept for regenerative coatings, is illustrated in Figure 5.1, for three distinct stages:
triggering, transport, and repair. Upon removal of the coating by damage (triggering), the
underlying vasculature is exposed and a prescribed volume of uncured liquid healing agent
is released onto the surface of the substrate (transport). Ultraviolet (UV) light from the sun
cures the healing agent, reforming the protective coating (repair).
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Figure 5.1: Coating regeneration cycle and design. (1) Coating damage and removal triggers
the release of liquid healing agent stored in the underlying vasculature. (2) Embedded
accumulator releases a prescribed volume of healing agent to the surface. (3) A one-part
healing agent reforms the protective coating when exposed to simulated sunlight. The surface
valve protects the unreacted healing agent stored within the vascular substrate by blocking
UV penetration.
5.2.1 Specimen Design
The release of a prescribed volume of healing agent is accomplished by the synergistic op-
eration of two key components: the surface valve and the accumulator (Figure 5.2). A fully
integrated surface valve resides at the interface between coating and substrate, isolating the
uncured healing agent from the coating (Figure 5.2a and b). Incorporating 0.5 wt% carbon
black into the compliant (poly(dimethylsiloxane), PDMS) surface valve effectively prevents
the penetration of UV light into the underlying vascular substrate. In response to coating
removal, pressure within the accumulator opens the valve, releasing healing agent to the
damage surface. The accumulator (Figure 5.2c) stores a specified volume of healing agent
dictated by the internal pressure. When the coating is intact, the valve is closed and con-
strained by the coating. The accumulator, however, is free to deflect with the magnitude of
the deflection dependent on the geometry, material properties, and system pressure. In order
to properly design the coating system, the various timescales associated with the coating
regeneration cycle, as well as the parameters controlling the volume of healing agent released
were examined.
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Figure 5.2: Accumulator-surface valve design and prototype. a) Cross-sectional diagram of
accumulator-valve showing unpressurized and pressurized configuration. Membrane deflec-
tion enables volume storage. b) Top and c) bottom perspective images of accumulator-valve
prototype (scale bar = 10 mm).
5.2.2 Regeneration Timescales
The interactions between the timescales within the regeneration cycle (i.e. those related to
triggering, transport, and repair) must be considered collectively in the design of a self-
healing system. Figure 5.3 shows how the relevant timescales are related to the accumulator
pressure and coating hardness. All of these timescales start immediately after damage trig-
gers the healing response. The time required to transport healing agent from its quiescent
state in the substrate to the site of damage is transport time (ttransport). The healing agent
begins to react once released and exposted to UV light, and then solidify at the gel time
(tgel). Hardness will continue to increase with the passage of time until the coating is fully
repaired (trepair). At this point, the accumulator can once again be charged (trecharge) in
anticipation of the next damage event.
The most conservative design requires the complete release of the healing agent payload
prior to gelation (ttransport < tgel). In addition, to sustain re-pressurization of the vascular
substrate without damage to the coating (e.g. debonding), the repair time should be less
than the recharge time (trepair < trecharge). The curing kinetics of the healing agent chemistry
dictate the time required to gel (tgel), and the time required to fully cure the coating (trepair).
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Figure 5.3: Coating system response after a damage event. (i) Damage event removes coating
triggering the release of the stored healing agent. Pressure in the accumulator drops to a
level where the surface valve closes over a timescale of ttransport. (ii) The released healing
agent remains liquid until gelation occurs (tgel). (iii) The hardness of the coating increases
after gelation until coating is fully cured (trepair). (iv) The accumulator is subsequently
recharged (pressurized) in preparation for subseqent damage events (trecharge).
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The system geometry, material properties, and fluid viscosity all influence the transport time
(ttransport), while recharge time (trecharge) is externally controlled. The optimal design can
be obtained by tuning the chemistry, geometric parameters, and material properties of the
entire coating system.
5.2.3 UV Curable Healing Agents
The viscosity and curing kinetics of the healing agent used for coating regeneration will in-
fluence the transport, gel, and repair times for the system. We examined three formulations,
spanning the breadth of available sunlight (UV) curable chemistries [11]: (1) a radical ini-
tiated thiol-ene formulation (TATATO:PETMP, 0.1 wt% DMPA photoinitiator, 0.03 wt%
Q1301 inhibitor) [12, 13], (2) a radical initiated acrylate formulation (TMPTA, 3 wt% Ir-
gacure 184 photoinitiator), and (3) a cationic initiated epoxy formulation (Epon 813, 4 wt%
Irgacure 250 photoinitiator). The viscosities of the three candidate healing agents are given
in Table 5.1, and are similar to previous healing agents used in microvascular systems [2,5,8].
Table 5.1: Characteristics of three sunlight curable healing agent formulations. Error rep-
resents the standard deviation between 2 measurements for cure depth tests (Dp, Ec, tgel),
and 5 measurements for hardness tests.
Formulation
Viscosity
(cP)
Penetration Critical Time required (tgel) for Vickers hardness,
depth, Dp dose, Ec cure depth, Cd = 1 mm HV
(µm) (mJ cm−2) at 1 mW cm−2 (12 h at 1 mW cm−2)
Radical Thiol-Ene 430 4150± 300 11± 1 14.0± 1.0 s -
Radical Acrylate 130 610± 11 10.9± 0.1 56.10± 1.4 s 24.4± 1.5
Cationic Epoxy 1020 1020± 23 925± 1 36.0± 0.6 min 17.8± 0.2
The gel time (tgel) of candidate sunlight curable healing agents was determined by char-
acterizing the cure depth (Cd) [14]:
Cd = Dp log
(
Emax
Ec
)
(5.1)
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where Emax is the dose of UV light (Emax = It, where I = irradiance, t = time), Dp is the
penetration depth, and Ec is the critical dose. Both Dp and Ec are characteristic parameters
of the chemical formulation and are directly related to the cure kinetics.
The cure depth (Cd) was determined by measuring the resulting thickness of gelled mate-
rial after exposing the three candidate healing agents to controlled doses of simulated sunlight
(365 nm, 0.25 or 1 mW cm−2, Figures 5.4 and 5.5) [15,16]. Cure depth is plotted against dose
(Emax) in Figure 5.6a (raw values are given in Tables 5.2–5.4). Dp and Ec were calculated
for each formulation (Table 5.1) by fitting Equation 5.1 to the data in Figure 5.6a. Depth
of penetration (Dp) was highest for the thiol-ene formulation (Dp = 4150 µm), followed by
the epoxy formulation (Dp = 1080 µm), while the acrylate formulation had the lowest value
(Dp = 610 µm). The critical doses (Ec) of both radical initiated formulations (thiol-ene and
acrylate) are comparable (Ec ∼ 11 mJ cm−2), while the cationic epoxy formulation requires
a much larger dose for any gelation to occur (Ec = 925 mJ cm
−2). Using the obtained values
for Dp and Ec, the required dose for the target coating thickness of 1 mm was calculated for
simulated sunlight (I = 1 mW cm−2). The gel time (tgel = Emax/I) was then calculated as
14 s, 56 s, and 36 min for the thiol-ene, acrylate, and epoxy formulations, respectively.
Figure 5.4: Schematic of cure depth measurement apparatus.
The mechanical properties required by the final application will also influence which
healing agent is appropriate. The hardness of each candidate system was measured after
full UV cure (12 h, 1 mW cm−2, Table 5.1). The acrylate and epoxy formulations reached a
hardness of 24.4 ± 1.5 HV and 17.8 ± 0.2 HV respectively by Vickers indentation testing.
The thiol-ene system was soft when fully cured and could not be measured.
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Figure 5.5: a) Irradiance spectrum of sunlight from ASTM G173 for direct normal irra-
diance. [17] b) Irradiance spectrum of sunlight, UV regime compared to that of UV lamp
(365 nm peak irradiance, generated as described in Chapter 4).
Table 5.2: Cure depth measurements for thiol-ene formulation (365 nm, 1 mW cm−2 for run 1
and 0.25 mW cm−2 for run 2). Error in cure depth represents the standard deviation of 5
measurements.
Time (s) Dose (mJ cm−2) Cure depth, Cd (mm)
Run 1 Run 2 Run 1 Run 2 Run 1 Run 2
12 48 12.0± 2.7 12.0± 1.2 - 459± 31
14 56 14.0± 2.8 14.0± 1.3 819± 22 1397± 43
16 64 16.0± 3.0 16.0± 1.4 1352± 31 1863± 7
18 72 18.0± 3.0 18.0± 1.5 1919± 31 2050± 66
After the healing agent has fully cured (trepair), the system can once again be pressurized
or recharged (trecharge) in anticipation of the next damage event. Of the three formulations,
the epoxy formulation has the slowest cure kinetics, thus it sets an upper bound on the
recharge time (trecharge). In our previous investigation, the epoxy formulation was selected
for further characterization (see Chapter 4). The results indicated that after 8 h of exposure
to the simulated sunlight lamp, the epoxy coating is fully regenerated in terms of hardness
(Figure 5.6b) and is also ∼100 % cured as confirmed by differential scanning calorimetry
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Figure 5.6: Cure and hardness characterization of candidate healing agents. a) Cure depth
as a function of dose of simulated sunlight (365 nm, 1 mW cm−2). Note: cure deoth error
bars represent one standard deviation of five measurements. Dose error bars represent es-
timated error based on variation in lamp intensity and exposure time. b) Vickers hardness
as a function of exposure time (365 nm, 1 mW cm−2) for cationic epoxy system based on
mesurement of the top and bottom of a ∼1 mm thick coating. Note: Error bars represent
one standard deviation of 3 tests. Discrete datapoints reproduced from Chapter 4.
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Table 5.3: Cure depth measurements for acrylate formulation (365 nm, 1 mW cm−2). Error
in cure depth represents the standard deviation of 5 measurements.
Time (s)
Dose
(mJ cm−2)
Cure depth, Cd (mm)
Run 1 Run 2
15 15.0± 2.9 282± 24 260± 15
30 30.0± 3.7 586± 9 599± 18
60 60.0± 5.5 948± 12 932± 7
120 120± 9 1402± 31 1375± 11
180 180± 12 1866± 52 1813± 90
Table 5.4: Cure depth measurements for epoxy formulation (365 nm, 1 mW cm−2). Error in
cure depth represents the standard deviation of 5 measurements.
Time (s)
Dose
(mJ cm−2)
Cure depth, Cd (mm)
Run 1 Run 2
1200 1200± 72 300± 15 307± 12
1800 1800± 106 743± 48 788± 49
2400 2400± 141 1148± 36 1155± 38
3000 3000± 176 1420± 21 1442± 32
3600 3600± 211 1530± 85 1597± 90
(DSC). We note that the coating hardness is not influenced by the substrate. The candidate
healing agents identified offer a wide range of cure kinetics, viscosities, and hardnesses;
enabling a great deal of flexibility for tailoring the regenerative coating system for target
applications.
5.2.4 Healing Agent Release Profile
The valve geometry governs the timescale over which the healing agent payload is released
(ttransport). The payload release profile (pressure vs. time), was measured for a variety of
specimen designs using glycerol as the test fluid in order to avoid swelling of the valve due
to absorption (Figure 5.7a). The transport time (ttransport) is defined as the time at which
the rate of change in pressure decays within twenty times the equilibrium plateau bleed rate
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(Figure 5.18). For the release experiments, the surface valve was artificially constrained by
a piece of adhesive tape and the accumulator was charged to the target pressure (Psys).
After equilibrating the system, the constraint (adhesive tape) was removed and accumulator
pressure was monitored with time (Figure 5.7b–d).
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Figure 5.7: Payload release profile evaluation (ttransport). a) Schematic of specimen charging
and pressure monitoring scheme. b) Pressure decay profile during volume relase for flat top
and cone top valve geometries (7.5 mm diameter accumulator). c) Pressure decay profiles
for 3 accumulator diameters with flat top valves. d) Pressure decay profile for 3 system
pressures with 7.5 mm diameter accumlator and flat top valve. Note: Glycerol was used as
the test fluid for all experiments.
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The effect of valve geometry on transport time was investigated by testing both flat
and cone top designs (Figure 5.7b). Valves are constructed of a flexible silicone elastomer
(poly(dimethylsiloxane), PDMS) loaded with 0.5 wt% carbon black. Both valve geometries
employ a slit-type opening that dilates under pressure. The flat top design exhibits a rapid
release of the healing agent (ttransport < 10 s) while the cone top valve shows a much slower
response (ttransport > 700 s).
For conservative designs that require ttransport < tgel the flat top design satisfies this
requirement for all three candidate healing agents explored in this study. For the cone top
valve, its significantly longer transport time could result in curing of the healing agent prior
to complete payload delivery, reducing the maximum potential coating thickness and future
valve operation. For this reason the flat top geometry (with ttransport < tgel for all three
candidate healing agents) was used exclusively during the remainder of this study.
The effect of the accumulator diameter (5, 7.5 and 10 mm) on the transport time is
presented in Figure 5.7c. The payload release profiles for all three accumulator diameters
are comparable, indicating ttransport is relatively independent of the accumulator geometry.
The payload release profiles for the 7.5 mm diameter accumulator were measured for three
different pressures (34.5, 68.9, and 103 kPa) (Figure 5.7d). The transport time (ttransport) is,
again, relatively insensitive to system pressure. Consequently, the payload volume can be
tuned by changing the accumulator geometry and system pressure without influencing the
transport time.
5.2.5 Payload Volume
The key advancement detailed in this work is the accumulator, which is capable of locally
storing a prescribed volume of healing agent for autonomic release in response to damage
(Figure 5.2c). The accumulator consists of a flexible elastomeric membrane (PDMS) that
deforms under pressure. Understanding the correlation between system pressure and stored
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volume will facilitate control of the thickness of the regenerated coating. Payload volume
was experimentally measured using 3D-digital image correlation (3D-DIC) and mass mea-
surements. An analytical model was also developed and validated using these experimental
measurements.
Experimental Measurement∗∗
3D-DIC was implemented to capture the deformation of the accumulator (Figure 5.8). Pres-
sures were applied in a stepwise fashion (6.9 kPa steps from 6.9 to 69 kPa, 17.2 kPa steps
from 86 to 207 kPa) and images were collected from two cameras focused on the accumula-
tor. 3D-DIC facilitated the measurement of the full field displacements in three dimensions
yielding the deformed accumulator shape, illustrated by the contour plots in Figure 5.8a–
c. The volume stored within the accumulator is determined by the difference between the
undeformed (flat) and the deformed state of the accumulator. The accumulator’s surface
topography is best represented as a spherical cap with volume described by [18,19]:
V =
1
3
pih2 (3R− h) (5.2)
where R is the radius of the sphere and h is the height of the cap (Figure 5.9). Line scans of
the surface topography from 3D-DIC and the corresponding spherical fit for pressures of 69,
138, and 207 kPa are shown in Figure 5.8d. The calculated volume as a function of pressure
for the three accumulator geometries is shown in Figure 5.10a.
The volume of fluid released was also measured as a function of pressure (Figure 5.10b).
For these experiments, the surface valve was artificially constrained (with a rubber stopper)
and the accumulator was charged to a target pressure. After equilibration, the constraint
was removed and the stored fluid was released. Pressures were applied in 35.5 kPa steps up
to 207 kPa for two specimens, or until the specimen failed. In all cases, the released volume
∗∗3D-DIC experiments were performed in collaboration with Dr. Michael Rossol. Analysis was performed
by Dr. Michael Rossol.
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Figure 5.8: Contour plots of deflection measured by 3D-DIC for 10 mm diameter accumulator
at pressures of a) 69 kPa, b) 138 kPa and c) 207 kPa. d) Line scans of accumulator surface
profiles from (a)–(c) (scale bar = 1 mm).
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2 3R h( )
Figure 5.9: Schematic of spherical cap with relevant dimensions.
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Figure 5.10: a) Stored volume extracted from 3D-DIC data (discrete datapoints) for each
accumulator diameter, and analytical model (solid lines). b) Released volume results from
collecting and weighing the fluid volume released for a given pressure (test fluid = glycerol,
discrete datapoints, n = 2), and analytical model (dashed lines). c) Correction for unreleased
volume associated with closing pressure (pclose) for 10 mm diameter accumulator. d) Stress-
stretch results extracted from 10 mm 3D-DIC experiment and equibiaxial model.
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was slightly less than stored volume (as measured by 3D-DIC). When the payload is released,
the pressure drops rapidly to a plateau value when the surface valve closes, i.e. the closing
pressure (pclose = 9± 4 kPa, Figure 5.7). Subtracting the unreleased volume (corresponding
to p = 9 kPa) from the stored volume calculated by 3D-DIC (4–44 µL, depending on ac-
cumulator diameter) gives good agreement between both experimental measures of volume
and the analytical model (Figures 5.10c and 5.11).
Figure 5.11: Healing agent volume vs. system pressure. The stored volume was calculated
from 3D-DIC data, released volume was obtained by collecting and weighing the fluid re-
leased. The analytical model prediction is obtained after curve fitting to the stress-stretch
data extracted from the 10 mm diameter accumulator to obtain material parameters. The
shifted analytical model corresponds to a subtraction of the volume corresponding to a
pressure of 9 kPa from the original analytical model.
Analytical Model
An analytical model was formulated to gain insight into the underlying mechanisms that
dictate the relationship between stored volume and pressure. The model is derived from
that of a thin-walled spherical balloon with rubber elastic behavior, extended here to the
assumed spherical cap geometry [20,21]. The assumptions of the model are: (1) the wall is
thin, implying the accumulator does not resist bending and stresses are uniform through the
thickness; (2) deformation maintains spherical symmetry, with the stresses independent of
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the position on the accumulator; and (3) edge effects are neglected [22]. As in the case for
a spherical balloon [20–22], the stresses in the plane of the accumulator were approximated
as equibiaxial:
σ = σ11 = σ22 =
pR
2t
(5.3)
where σ11 and σ22 are the in-plane stresses (true stress), p is the internal pressure, R is the
radius of the sphere, t = t0/λ
2 is the deformed thickness, t0 is the undeformed thickness, and
λ is the in plane stretch ratio. The in-plane stretch ratio was estimated based on geometry
(Figure 5.9):
λ =
2Rθ
2a
=
R
a
sin−1
(
R
a
)
(5.4)
where 2Rθ is the deformed length, and 2a is the undeformed length.
R =
a2 + h2
2h
(5.5)
where a is the initial accumulator radius, and h is the height of the spherical cap.
We sought an appropriate constitutive relation to represent the rubber elastic stress-
stretch behavior of the PDMS elastomer used to fabricate the accumulator. The pressure-
height (volume) data calculated from 3D-DIC for the 10 mm diameter accumulator was
converted to stress and stretch (Figure 5.12). Stretch was calculated from the height (he)
using Equations 5.4 and 5.5 with the initial accumulator radius (a), and stress was calculated
from the pressure (pe) using Equation 5.3. The material behavior was found to be well
captured by the Gent model [23]:
σ =
E
3
(
λ2 − λ−4) / [1− J1/Jm] (5.6)
where E is the small strain elastic modulus, Jm is the stiffening parameter, and J1 = 2λ
2 +
λ−4 − 3 is the first strain invariant [24].
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Figure 5.12: Calculation scheme for determining E and Jm.
The material properties (E and Jm) were determined by fitting Equation 5.6 to the
stress-stretch data (Figure 5.10d). Using the calibrated material properties (E and Jm)
and the geometry (a and t0), the analytical model was applied to predict the pressure-
volume relationship for all three accumulator diameters (Figure 5.10a and b). Since it is not
possible to write an explicit expression for volume in terms of pressure, the relationship was
determined by sweeping though appropriate values of h and solving for R, V, λ, σ, t, and p
using Equations 5.2–5.6 (Figure 5.13).
Figure 5.13: Calculation scheme for analytical model.
A comparison of the experimentally measured and predicted volume-pressure relation-
ships for the three accumulators are shown in Figure 5.10a and b. While the model slightly
overpredicts the stored volume (from 3D-DIC), this can be attributed to the assumption that
the accumulator is thin. A commonly cited limit from thin membrane theory is r/t > 10 [22],
however, the three geometries tested here correspond to r/t = 5, 7.5 and 10. Nevertheless,
the simplicity of the model reveals the functional form of the volume-pressure relationship
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and remarkably accurate predictions are obtained. The circular membrane geometry facil-
itates the rapid increase in volume with pressure, and at higher pressures the constitutive
response of the material limits the inflation of the accumulator (Figure 5.10d). Accurate
prediction of the stored volume enables control of the regenerated coating thickness.
5.2.6 Coating Regeneration
Regeneration of a protective coating was demonstrated in response to large-scale coating
damage and removal using the proposed accumulator-surface valve system. Damage was
introduced by lifting the cured coating from the substrate, triggering the release of the
stored liquid healing agent. The process of coating removal and regeneration was repeated
for a total of four cycles (generations 1–4). The Vickers indentation hardness and coating
thickness were measured to evaluate the efficacy of each regeneration cycle. Full regeneration
to the same material properties as the original coating occurred after every cycle, indicated
by the consistency in hardness (Figure 5.14a). Some variability in the regenerated coating
thickness was observed from cycle to cycle (Figure 5.14b). This variation was attributed to
incomplete coating removal and/or loss of healing agent during coating removal.†† Despite
the variability, the coating thickness for a given specimen is maintained within ∼20 % of the
virgin thickness for all generations.
††Specimen #1 failed during recharge for generation 4 due to rupture of the accumulator. In addition,
the coating material became more difficult to lift from the substrate during removal of generations 2 and 3
(formation of generations 3 and 4) causing breakup of the coating and some material to remain attached to
the substrate. As a consequence, during generation 3 of specimen #2, we were unable to remove the coating
using the described liftoff and triggered release method, rather the coating was removed while the specimen
was uncharged, and the coating was regenerated as in generation 0. Furthermore, coating removal resulted
in some transfer of healing agent from the specimen, which leads to lower than expected coating thickness.
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Figure 5.14: Autonomous regeneration of epoxy coating. a) Vickers hardness of each gen-
eration of coating, cured with simulated sunlight lamp (1 mW cm−2, 12 h). Horizontal lines
on generation 0 column indicate Vickers hardness of coating bottom at given time point
(from Figure 5.6b). Note: Total number of specimens indicated at the base of the column.
b) Coating thickness measured for each generation for three specimens. Note: Error bars
indicate one standard deviation of the data.††
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5.3 Summary
In this work a novel design for healing agent storage and release for vascular coating sys-
tems that enables autonomic regeneration in response to coating damage is presented. The
accumulator, a volume control element consisting of a flexible membrane, was coupled with
a protective surface valve in order to demonstrate regeneration of a coating after large-scale
damage. The timescales relevant to our regenerative strategy were explored, as well as meth-
ods for modulation of the rates of transport, release and curing. Three different one-part
sunlight curable healing agents were evaluated with gel times ranging from 14 s to 36 min.
Factors affecting the payload release profile were examined, and it was established that the
payload volume could be controlled without affecting the transport time. The payload vol-
ume was measured experimentally and an analytical model was developed using membrane
theory and showed good agreement. We show four successive regenerations if a ∼1 mm thick
polymer coating with full restoration of coating hardness. We envision the autonomous
storage and release motif could be extended to other multifunctional systems where fluidic
volume control is required from self-healing [1] to thermal regulation [25].
5.4 Experimental Methods
5.4.1 Materials
Unless otherwise noted, materials were used as received. Thiol-ene was formulated
as a stoichiometric mixture of triallyl-1,3,5-triazine-2,4,6-(1H,3H,5H)-trione (TATATO)
and pentaerythritol tetra(3-mercaptopropionate) (PETMP) with 0.1 wt% 2,2-dimethoxy-
2-phenylacetophenone (DMPA) photoinitiator and 0.03 wt% aluminum N-nitroso-N-
phenylhydroxylamine (Q1301, Wako Specialty Chemicals) inhibitor. Acrylate was formu-
lated as a mixture of trimethylpropane-triacrylate (TMPTA) and 3 wt% Irgacure 184 pho-
116
toinitiator (BASF). Epoxy was formulated as a mixture of Epon 813 and 4 wt% Irgacure 250
photoinitiator (BASF). TATATO, PETMP, DMPA, and TMPTA were obtained from Sigma
Aldrich. Viscosities were measured on a TA instruments AR-G2 rheometer using 25 mm
aluminum parallel plates at room temperature (RT∼21 ◦C).
5.4.2 Specimen Fabrication
The valve and vascular channel were made of PDMS (Sylgard 184, Dow Corning) containing
0.5 wt% carbon black (Vulcan XCR72R, Cabot Corporation). PDMS was molded in a 2-
sided aluminum mold (Figure 5.15) and partially cured (80 ◦C for 16 min). This produced a
PDMS valve attached to a channel with one open side. The channel was closed by bonding
to a 0.5 mm thick sheet of PDMS (cured at 80 ◦C for 16 min), using a film of uncured
PDMS as a glue [26]. Multiple valve-channel components were bonded to a single sheet and
partially cured (RT for ∼16 h, 80 ◦C for 16 min). PDMS valve-channel components were then
separated. A small hole (∼1 mm× 1 mm) was then cut in the channel on the opposite side
to the valve. Accumulator elements of three diameters (5, 7.5 and 10 mm, PDMS no carbon
black) were molded in 2-sided aluminum molds (Figure 5.16). The undeformed thickness
of the accumulator (t0) is 0.5 mm. The molds were compressed with a weight (1.84 kg) to
constrain thickness. The PDMS was partially cured at 80 ◦C for 16 min. Accumulators
were bonded to the PDMS valve-channel component on the side with the ∼1 mm × 1 mm
hole using a film of uncured PDMS as a glue. The hole provided a connection between the
accumulator and valve. The combined PDMS accumulator-valve-channel component was
then fully cured (RT for ∼16 h, and 80 ◦C for 6 h). After curing the PDMS component,
a 25 mm × 25 mm × 1 mm epoxy square with a circular hole of diameter corresponding to
the accumulator was attached to the accumulator with a cyanoacrylate adhesive (Loctite®
Super Glue Gel ControlTM, Henkel). The valve side of the specimen was then placed in
contact with a glass slide (coated with release agent, Frekote 55-NC, Henkel) to create a
sandwich structure (Figure 5.17). Six specimens were placed in a single weigh boat that
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served as a mold. Liquid epoxy (EPON 813, 22.7 pph EPIKURE 3300, Momentive, with
0.5 % carbon black) was poured into the mold to embed the sandwich structure and then
cured (RT for 24 h, 80 ◦C for 6 h). The multiple molded specimens were then sectioned to
create single accumulator-valve specimens. The glass slide was removed to expose the top
surface of the valve. A 1.5 mm long razor blade was used to pierce the top of the valve and
create the valve opening. Connection of the source fluid to the specimen was made with a
Luer-lock type stainless steel dispensing tip. A syringe needle (23 gauge) was used to pierce
a hole in the end of the channel, and the larger dispensing tip (20 gauage, Nordson EFD)
was attached with 5 minute® epoxy (Devcon).
Figure 5.15: Aluminum mold used to fabricate valve and channel body (scale bar = 5 mm).
Figure 5.16: Aluminum mold used to fabricate 10 mm diameter accumulator (scale bar =
10 mm).
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Figure 5.17: Diagram of mold for embedding PDMS accumulator-valve in epoxy. The entire
stack is placed in a mold (weigh boat), and epoxy is poured around the entire stack. The
glass slide is coated with a release agent (Frekote 55-NC, Henkel) to prevent bonding to the
epoxy. The top of the valve is in contact with the glass slide, so that it resides on the surface
of substrate after demolding (see Figure 5.2b). Multiple specimens are molded at once and
then sectioned. The end of the channel is exposed during sectioning for attachment to the
fluid source.
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5.4.3 Cure Depth
The experimental setup consisted of a longwave UV source which simulated sunlight (365 nm,
0.25 or 1 mW cm−2, Figure 5.5b, 25W Cole-Parmer UV Transilluminator), a photomask
which created isolated areas exposed to the incident light, and the candidate sunlight curable
healing agent confined between two glass slides separated by a 2 mm thick silicone gasket
(Figure 5.4). The glass slides for acrylate and epoxy formulations were surface functionalized
with a silane coupling agent to promote adhesion. To functionalize the surface, glass slide
substrates were cut into 1 cm squares and cleaned in Piranha solution (3 H2SO4:1 H2O2 by
volume, H2O2 was 30 w/w% in H2O) at 120
◦C for 60 min. The substrates were then rinsed
with deionized water, dried with compressed air, and further dried in an oven at 120 ◦C
for ∼10 min. The substrates were then immersed in a solution of toluene (ACS certified,
Fisher Scientific) containing 20 mM silane (3-(grimethoxysilyl)propyl methacrylate or (3-
glycidyloxypropyl) trimethoxysilane for acrylate and epoxy formulations respectively, Sigma
Aldrich). After 24 h, the substrates were sequentially rinsed with toluene, isopropanol, and
deionized water, and dried with compressed air. The photomask consisted of a chrome coated
glass substrate with a 5 × 5 array of squares, 2 mm × 2 mm each. Using a manual sliding
shutter, the candidate sunlight curable healing agents were exposed to controlled doses of
simulated sunlight. The dose was controlled via the exposure time and irradiance (10 s to
60 min, 365 nm, 0.25 or 1 mW cm−2, Tables 5.2–5.4). Irradiance was verified with a UV light
meter (UV513AB, General). Photopolymerization of the candidate healing agents results in
propagation of a solid front into the well of fluid where the material is not masked. Five posts
in one row were formed for each of five exposure times during a single experimental run. After
UV exposure, the posts were developed with a solvent rinse (acetone) and gentle blowing
with compressed air. To facilitate measurement of the post heights (cure depth, Cd) using a
digital micrometer (Mitutoyo), the gel-like posts were exposed to a higher dose to increase
cure (∼3.5 mW cm−2, 30 min). Two experimental runs were performed on each candidate
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sunlight curable healing agent to check for consistency. The data reported in Figure 5.6a
represents the average of five measurements from a single experimental run with the cure
depth error bars representing one standard deviation, and dose error bars representing the
estimated error in dose. The error in dose is a combination of the variability in irradiance
(from lamp and slide thickness ∼6 %), and error in exposure time (taken to be 2 s).
5.4.4 Payload Release Profile
The internal pressure of the accumulator-valve specimens was monitored to observe the time
response of healing agent release. Specimens were attached to a fluid reservoir as shown
in the test configuration in Figure 5.7a. The surface valve was manually constrained (by
applying a piece of adhesive tape to the to the surface of the specimen). The desired system
pressure (Psys) was supplied to the specimen to charge the accumulator. The system was
allowed to equilibrate for 1 min. The fill valve was then closed. The pressure was monitored
continuously as the constraint was removed from the surface valve and healing agent was
released onto the surface of the substrate. While the flat top valves reach a plateau in
pressure quickly, long times lead to slow decay of the remaining pressure due to leakage
through the valve. Thus the closing pressure (pclose) was taken to be the measured pressure
after 3 min. The transport time (ttransport) was defined as the time at which the rate of change
in pressure decays within twenty times the equilibrium plateau bleed rate (Figure 5.18). For
the flat top valve ttransport = 6.9 ± 1.5 s. Glycerol was used for these experiments to ensure
non-reactivity. The viscosity of glycerol is 890 cP, which is comparable to the both healing
agents used in this study (Table 5.1) and those used in previous studies [2, 5, 8].
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Figure 5.18: Determination of transport time (ttransport). a) Pressure decay data. b) Rate of
change in pressure (dP/dt). Calculated by the slope of the linear fit of the pressure time data
on 2 s time intervals for each time point. Equilibrium bleed rate taken as the slope of the
pressure-time data between 30 and 90 s. Note: Data shown for 10 mm diameter accumulator
with flat top valve.
5.4.5 3D-Digital Image Correlation (3D-DIC)
Measurement of full-field displacements via digital image correlation (DIC) was accomplished
by applying a speckle pattern to the specimen surface. High contrast speckles were produced
using an airbrush (Badger No 150, Badger Air-Brush Co., Franklin Park, IL) with first white,
then black, water-soluble paint. Images for DIC were taken using two digital cameras (Basler
A631fc, Balser, Germany), each with a CCD resolution of 1388 × 1038 pixels and 180 mm
mm lens (Tamron SP Di AF 180 mm F/3.5 Macro, Tamron Co., Japan). Images were taken
at a magnification of 12µm/pixel, the aperture setting was F-32, and the angle between
the cameras was 16 degrees. Image correlation was carried out using Vic3D software (Cor-
related Solutions, Columbia, SC). The spatial resolution of the displacement measurement
122
was maximized by choosing the smallest possible subset size, hsub, that ensured full corre-
lation (hsub = 45 pixels or 540µm) [27]. The step size was selected to be hstep = 4 pixels
(approximately hsub/10). Incremental correlation was used to capture the large deformations
experienced by the specimens during testing.
The accumulator’s volume was calculated as a function of pressure by fitting a sphere to
the accumulator’s surface topography, as measured by DIC:
R2 = (x− x0)2 + (y − y0)2 + (z − z0)2 (5.7)
where (x0, y0, z0) is the coordinate of the sphere’s center, and (x, y, z) are the DIC coordinates
of the accumulator surface. By adjusting the accumulators original position to the x − y
plane, the height of the cap (h) can be calculated as h = R + z0. Stored volume was
calculated using Equation 5.2. The error in the calculated volume was estimated based on
the discrepancy between the piece-wise integrated volume under the DIC and fitted surfaces:
δV =
∑
δxδyδz (5.8)
where δx and δy are the distances between data points, in x and y directions respectively, and
δz =
√
(zDIC − zsphere)2. To facilitate the calculation of δV , the DIC data was re-mapped
onto a uniform x− y array with equal spacing to the original nodal spacing (hstep) by using
point-to-point interpolation. Thus:
δV = h2step
√∑
(zDIC − zsphere)2 (5.9)
for all available DIC data points. δV as a function of pressure is shown in Figure 5.19.
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Figure 5.19: Error in stored volume calculated from 3D-DIC measurements.
5.4.6 Released Volume Testing
The method for released volume testing was analogous to the payload release profile ex-
periments. However, the pressure gage was removed to eliminate any extra stored volume
that could lead to falsely high volume release, and a rubber stopper was used to manually
constrain the surface valve. Specimens were charged for 1 min at the desired system pressure
(Psys), and the released volume was collected and weighed after 3 min.
5.4.7 Regeneration Testing
Prior to testing, accumulator-valve specimens were charged with healing agent (Epon 813,
with 4 wt% Irgacure 250) manually. The flat top valve geometry with a 10 mm diameter
accumulator was used for all regeneration tests. An adhesive backed silicone sheet (20 ×
20 × 1 mm thick, McMaster-Carr) with an 11 mm diameter hole was affixed to the top
surface of the specimen and served as a well to contain the release volume of healing agent.
Specimens were fixed to a 4-axis stage (Thor Labs) and leveled. To generate the virgin
coating (generation 0), a tool with a silicone stopper was used to constrain the surface
valve. A static pressure (97 kPa) was then applied to the specimen for 1 min to allow for
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equalization and charging of the accumulator. This pressure corresponds to the volume
required (∼100 µL) to create a 1 mm thick coating. An inline crimp valve was then closed
to isolate the accumulator from the pressure source. The stopper tool was then removed,
allowing the valve to open and release of the healing agent. For subsequent generations
(1–4), the system was charged with 97 kPa and equilibrated for 1 min, then a small razor
blade was used to remove the cured coating from the substrate. The pressure was allowed to
decay for 3 min (sufficient time to be in the plateau region, p = pclose, Figure 5.7), at which
time the specimen was removed from the stage and the pressure source. The coating was
then cured under UV light for 12 h (1 mW cm−2, 365 nm peak wavelength). The diameter
and thickness of each generation of coating was measured. Hardness of the coating was
measured using a Vickers indentation hardness tester (5 measurements, 50 g, 5 s, HMV-M3,
Shimadzu).
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Chapter 6
Multidimensional Vascularized
Polymers using Degradable Sacrificial
Templates‡‡
Complex multidimensional vascular polymers are created, enabled by sacrificial template ma-
terials of 0D to 3D. Sacrificial material consisting of the commodity biopolymer poly(lactic)
acid (PLA) is treated with a tin catalyst to accelerate thermal depolymerization, and formed
into sacrificial templates across multiple dimensions and spanning several orders of magni-
tude in scale: spheres (0D), fibers (1D), sheets (2D), and 3D printed. Templates are embed-
ded in a thermosetting polymer and removed using a thermal treatment process, vaporiza-
tion of sacrificial components (VaSC), leaving behind an inverse replica. The effectiveness of
VaSC is verified both ex situ and in situ, and the resulting structures are validated via flow
rate testing. The VaSC platform is expanded to create vascular and porous architectures
across a wide range of size and geometry, allowing engineering applications to take advantage
of vascular designs optimized by biology.
6.1 Introduction
Biological systems employ complex, composite architectures that enable homeostatic func-
tionality. A common necessity underlying many of these systems is the transport of fluids
that distribute nutrients, remove waste, and provide thermal regulation [2]. Parallels exist in
engineered materials, however the architectures are comparatively less complex. Channels
‡‡Figures and text in this chapter have been reproduced from published work [1]. Research on vascularized
materials was conducted in collaboration with Dr. Jason Patrick, Dr. Piyush Thakre, and graduate students
Stephen Pety, Brett Krull, Thu Doain, and Anthony Coppola.
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for mass and heat transport are used in micro-/nanofluidics [3–11], microelectromechani-
cal systems (MEMS) [11–16], gas capture [17, 18], flow batteries [19], fuel cells [20], heat
exchangers [21, 22], and autonomous materials [23–25]. Porous materials not only mediate
transport of fluids in filtration [26], but also regulate ion exchange in battery electrodes [27]
and separator films [28], facilitate new tissue growth in bioscaffolds [29–32], and increase
strength to weight ratio in structural solids [33]. No fabrication technique has emerged with
the flexibility to control size and dimensionality across all of these applications.
Esser-Kahn et al. recently introduced the vaporization of sacrificial components (VaSC)
technique [24]. In their work, one-dimensional (1D) poly(lactic acid) (PLA) fibers are treated
with tin(II) oxalate (SnOx) catalyst to undergo thermal depolymerization and vaporization
at ∼200 ◦C. After embedding “sacrificial” PLA in a thermoset composite and subsequent
thermal treatment, the fibers vaporized, forming vasculature that is their inverse replica.
By introducing various functional fluids into the microvasculature, desirable properties were
imparted on the composite such as thermal regulation, magnetic or electrical modulation,
and in situ reaction of chemical species [24]. In this work, we extend the application of
VaSC by introducing sacrificial templates across all levels of spatial dimensionality and
spanning several orders of magnitude in size, enabling a wide range of vascular and porous
architectures.
Several fabrication techniques to directly form complex vascular architectures exist,
including electrostatic discharge [34], 3D-printing [30, 31], and lamination of 2D struc-
tures [3, 4, 18, 21]. Alternatively, a sacrificial template in the shape of the desired vas-
cular architecture can be integrated into the host material, and later removed through
melting [23, 35], dissolution [5–8, 31, 36], chemical etching [22, 27], or thermal vaporiza-
tion [8–17,24,25,37]. Templates prevent infiltration or collapse of cavities during fabrication,
and eliminate the necessity for registration of 2D layers in lamination techniques. Among
existing sacrificial fabrication techniques, VaSC provides additional advantages. Thermal
depolymerization occurs simultaneously throughout the sacrificial material, expediting the
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removal of large structures. In contrast, etching or dissolution occurs just at the exposed
surfaces. Depolymerization also results in a gaseous byproduct, facilitating the evacuation
of high aspect ratio microchannels due to both the pressurized expansion of the gas and
its low viscosity, typically ∼3 orders of magnitude less than a liquid. In addition, gaseous
products may also diffuse through surrounding material to allow removal of fully enclosed
sacrificial templates [8, 11–14]. Previous reports of thermally degradable polymers require
complicated syntheses or exhibit high decomposition temperatures that would damage a sur-
rounding polymer matrix [8–16]. VaSC overcomes these limitations by using a commodity
thermoplastic biopolymer (PLA), doped with tin catalyst to reduce the depolymerization
temperature of the template material below the decomposition temperature of the surround-
ing matrix [24]. This vascularization process is accomplished without reduction in mechanical
performance of the host material [24, 25,38].
6.2 Results and Discussion
6.2.1 Dimensionality
Sacrificial templates with dimensionality ranging from 0D to 3D enable the creation of com-
plex vascular and porous architectures in thermosetting polymers. Sacrificial microspheres
(0D, Figure 6.1a) are used to form both closed and open (interconnected) cell porosity.
Microspheres with polydisperse diameters averaging 23 µm (Figure 6.2) are produced via a
solvent evaporation technique. PLA (4 wt% with respect to solvent) and liquid catalyst
(tin(II) octoate, SnOc) are dissolved in a solvent (dichloromethane, DCM), then added to
an aqueous surfactant mixture (1 wt% poly(vinyl alcohol), PVA) and mechanically stirred.
Upon evaporation of the solvent, the catalyst is incorporated into solid sacrificial micro-
spheres. Closed-cell porosity is created in a thermoset epoxy matrix by mixing sacrificial
microspheres (containing 17 wt% SnOc) into the liquid epoxy resin (up to 60 wt%, ∼56 vol%)
prior to solidification, with VaSC (thermal treatment at 200 ◦C for 24 h under vacuum) re-
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vealing the porous structure, and increasing microsphere concentration resulting in higher
porosity (Figure 6.1b, Table 6.1). To create open-cell porosity, sacrificial microspheres (con-
taining 5 wt% SnOc) are first sintered to form a porous scaffold of sacrificial material [33].
The sacrificial template is then vacuum infiltrated with epoxy resin, allowed to solidify,
and post-cured. After VaSC an interconnected porous structure is formed with ∼56 vol%
porosity, determined using microscale x-ray computed tomography (microCT) (Figure 6.1c).
20%
a)
c)
b)
40%
60%
20 μm
100 μm 200 μm
Figure 6.1: OD sacrificial template and inverse architectures created after VaSC: a) indi-
vidual microspheres (scanning electron micrograph, SEM); b) cross-sections of closed-cell
porous epoxy created after VaSC using sacrificial microspheres mixed at 20, 40, and 60 wt%
(SEM, gold color overlay indicating non-porous area); and c) 3D x-ray computed micro-
tomographic (microCT) reconstruction of open-cell porous epoxy (56 vol% porosity) after
VaSC of sintered sacrificial microspheres. Figure reproduced from Gergely et al. [1] with
permission from John Wiley & Sons Inc.
Melt-spinning and electrospinning were used to create 1D sacrificial fibers with diameters
spanning three orders of magnitude (Figure 6.3).§§ Melt-compounded precursor material
(PLA, 5 wt% SnOx) is melt-spun into sacrificial fibers (Figure 6.3a) and subsequently drawn
to diameters ∼300µm to increase tensile strength and post-yield ductility (Figure 6.4).
Sacrificial fibers embedded in epoxy produce channels with circular cross-section as shown
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Figure 6.2: Histogram of sacrificial PLA sphere diameter, measured using optical microscopy
and ImageJ. Figure reproduced from Gergely et al. [1] with permission from John Wiley &
Sons Inc.
Table 6.1: Sacrificial material content in closed-cell porous epoxy with non-sintered spheres
and measured pore area fraction from cross-sectional SEM images (Figure 6.1b) using Im-
ageJ. Table reproduced from Gergely et al. [1] with permission from John Wiley & Sons
Inc.
Weight fraction
sacrificial spheres
Volume fraction
sacrificial spheres
Measured pore
area fraction
20 % 18 % 32 %
40 % 36 % 51 %
60 % 56 % 56 %
in the parallel array in Figure 6.3b. Sacrificial fibers of much smaller diameter (∼5µm) are
produced via electrospinning (Figure 6.3c) [9,36,39]. Tin catalyst is incorporated by adding
liquid SnOc (5 wt% with respect to PLA) to the precursor solution for electrospinning (PLA,
25 wt% in 3:1 by volume chloroform/acetone). After embedding the electrospun sacrificial
fibers in epoxy, and VaSC, hollow capillaries are produced (Figure 6.3d and e).
§§1D Melt spun technique was developed, and specimens were prepared by Dr. Jason Patrick and Brett
Krull. Electrospun fabrication technique was developed, and specimens were prepared by Thu Doan.
∗∗∗Fiber tension tests and 1D microCT were performed an analyzed by Dr. Jason Patrick.
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10 mm100 μm
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a) c)
d)
e)
b)
Figure 6.3: 1D sacrificial templates and inverse architectures created after VaSC: a) melt-
spun sacrificial fibers ∼300 µm diameter; b) parallel array of five microchannels in epoxy
created from melt-spun sacrificial fibers, microchannel cross-section (SEM, inset); c) elec-
trospun sacrificial fibers ∼5 µm diameter (SEM); and d, e) microchannels in epoxy created
after VaSC from electrospun sacrificial fibers, d) cross-sections (SEM), e) 3D reconstruction
of microchannel filled with a fluorescent dye from confocal fluorescence microscope image
stack. Figure reproduced from Gergely et al. [1] with permission from John Wiley & Sons
Inc.
Figure 6.4: Representative stress-strain profiles from tension testing of sacrificial PLA fibers,
(strain rate∼0.012 min−1) before and after drawing (3:1).∗∗∗ Figure reproduced from Gergely
et al. [1] with permission from John Wiley & Sons Inc.
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2D sacrificial templates are laser cut from ∼550 µm thick sheets of melt-compounded
sacrificial material (PLA, 5 wt% SnOx) produced via hot-pressing.††† The 2D pattern can
be freely designed in computer aided drafting (CAD) software and cut by a computer-
controlled CO2 laser. We created a branched planar network for microfluidic evaluation,
which consists of two generations of bifurcations resulting in four flow pathways that stem
from a single inlet and reconverge at the outlet (Figure 6.5). Channel widths reduce from 1
to 0.75 to 0.5 mm as the number of flow paths increase (Table 6.2). The sacrificial template
was embedded in epoxy and subjected to VaSC to produce the microchannel network.
a)
b)
10 mm
10 mm
Figure 6.5: 2D sacrificial template and inverse architecture created after VaSC: a) laser cut
network from sacrificial sheet; and b) bifurcating, planar network in epoxy created after
VaSC using laser cut network. Figure reproduced from Gergely et al. [1] with permission
from John Wiley & Sons Inc.
3D-printing was used to create a sacrificial vascular template in an additive fashion. Feed-
stock was made for a commercial fused-deposition modeler (FDM) out of melt-compounded
sacrificial material (PLA, 5 wt% SnOx).‡‡‡ A branching structure with a largest diameter of
10 mm and a smallest diameter of 1.5 mm (Figure 6.8a) was designed using 3D CAD software
(SolidWorks), and printed (Figure 6.9a and b). The sacrificial template was embedded in
epoxy, and subjected to VaSC to reveal the tree-like vasculature (Figure 6.9c).
†††2D fabrication technique was developed by Dr. Piyush Thakre and Tony Coppola. Specimens were
prepared by Tony Coppola.
‡‡‡3D fabrication technique was developed, and specimens were prepared in collaboration with Brett Krull.
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Figure 6.6: MicroCT images of 2D specimen containing Omnipaque 350 contrast agent:
a) 2D slice showing trapezoidal cross-section with rounded corners. b) 3D reconstruction.
Figure reproduced from Gergely et al. [1] with permission from John Wiley & Sons Inc.
Figure 6.7: Diagram of 2D bifurcation indicating bifurcation generation of channels. Figure
reproduced from Gergely et al. [1] with permission from John Wiley & Sons Inc.
Figure 6.8: CAD geometries of 3D tree-like structure: a) nominal, b) microCT. Figure
reproduced from Gergely et al. [1] with permission from John Wiley & Sons Inc.
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Table 6.2: Dimensions of 2D specimen channel cross-sections, nominal and measured from
microCT images. Upper and lower bound used to generate solid model for CFD, widths w1
and w2 defined in Figure 6.6. Refer to Figure 6.7 for designation of bifurcation generation.
Table reproduced from Gergely et al. [1] with permission from John Wiley & Sons Inc.
Type
Nominal dimension (µm)
(# of measurements)
Measured dimension (µm)
(trapezoidal)
Lower bound Upper bound
Thickness 550 (n = 12) 525 580
Corner radius 0 (n = 48) 75 75
Bifurcation
generation w1 w2 w1 w2
Width 0 1000 (n = 2) 760 1000 810 1000
Width 1 750 (n = 5) 500 730 660 810
Width 2 500 (n = 3) 300 500 440 560
c)a)
b) 10 mm
10 mm 10 mm
Figure 6.9: 3D sacrificial template and inverse architecture created after VaSC: a) printed
tree-like sacrificial 3D structure, b) zoomed 2x, showing print fidelity; and c) branched
vasculature in epoxy after VaSC filled with chemiluminescent dye. Figure reproduced from
Gergely et al. [1] with permission from John Wiley & Sons Inc.
6.2.2 VaSC Characterization
Removal of sacrificial material occurs through thermal depolymerization of PLA and evapo-
ration of lactide monomer. The depolymerization temperature of neat PLA is ∼280 ◦C, but
can be reduced by ∼100 ◦C with the addition of a tin catalyst [24, 37]. Commercially spun
PLA fibers can be treated by swelling with a solvent mixture containing trifluoroethanol and
water to impregnate solid catalyst (SnOx) particles within the fiber [24]. To better disperse
the tin catalyst, PLA and SnOx were melt-compounded to fabricate sacrificial fibers, sheets,
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and 3D-printing filament. The improved homogeneity (Figure 6.10) decreases the potential
for incomplete clearing of cavities. Sacrificial microspheres and electrospun fibers however,
are similar in size to SnOx particles (up to ∼50 µm), thus an alternative liquid catalyst
(SnOc) was incorporated into these materials [37].
Figure 6.10: Catalyst distribution in cross-sectional images of two different types of sacrificial
fibers embedded in epoxy and imaged via microCT: a) solvent impregnated commercial, and
b) melt-compounded/melt-spun and drawn, catalyst sieved to <53 µm.∗∗∗ Figure reproduced
from Gergely et al. [1] with permission from John Wiley & Sons Inc.
To evaluate the effectiveness of VaSC among the various templates, we employ two dif-
ferent experimental methods. First, ex situ vaporization is characterized using isothermal
thermogravimetric analysis (iTGA) at 200 ◦C under continuous nitrogen purge (Figure 6.11).
Although catalyst type differs depending on the fabrication technique, all samples except
solvent-impregnated commercial fibers contain PLA (Ingeo 4043D or Ecorene NW40) and
5 wt% of the appropriate catalyst (SnOx, SnOc). The catalyst incorporated using solvent
impregnation is more difficult to control, with the concentration typically ∼16 %. The resid-
ual mass in the TGA traces is indicative of the amount of catalyst incorporated. Specimens
containing SnOx (solid particles) decompose in ∼14 h, while specimens containing SnOc
(liquid) decompose in ∼1 h. Although PLA containing SnOc shows superior decomposition
performance; it degrades so quickly at the processing temperatures for melt-compounding,
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melt-spinning, and hot-pressing (∼175 ◦C, Figure 6.12), that it becomes impractical for these
techniques. In contrast, the slower depolymerization rate with SnOx makes it well suited
for melt-processing techniques, demonstrating the tunability of VaSC for the intended pro-
cessing method.
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Figure 6.11: Vaporization of sacrificial components (VaSC) characterization: a) ex situ
isothermal thermogravimetric analysis (iTGA, 200 ◦C) comparing raw sacrificial template
materials (two catalyst types: tin(II) oxalate (SnOx) and tin(II) octoate (SnOc)), b) in
situ mass loss of sacrificial template materials embedded in epoxy (vacuum oven, 200 ◦C,
n = 4 specimens per measurement). Error bars represent one standard deviation. Dashed
lines indicate expected mass remaining (mass fraction epoxy = 1 - mass fraction sacrificial
template) after template removal. Figure reproduced from Gergely et al. [1] with permission
from John Wiley & Sons Inc.
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Figure 6.12: Representative stress-strain profiles from tension testing of sacrificial PLA films
(dimensions, ∼10 x 1.6 x 0.1 mm, strain rate ∼0.09 min−1): a) before thermal treatment,
b) after thermal treatment (175 ◦C, 20 min). Note the drastic reduction (∼85 %) in failure
strength of SnOc treated films after thermal treatment. Figure reproduced from Gergely
et al. [1] with permission from John Wiley & Sons Inc.
VaSC is also evaluated in situ by measuring the mass loss of template materials em-
bedded in epoxy and subjected to 200 ◦C under vacuum. The four templates tested and
their respective volume fractions in epoxy are: untreated commercial fibers (∼19 vol%) (no
catalyst, Nextrusion GmbH), sacrificial melt-spun fibers (∼25 vol%), sacrificial microspheres
mixed at 60 wt% (∼56 vol%), and sintered sacrificial microspheres (∼58 vol%) (Figure 6.11b,
Table 6.3). A separate set of specimens was placed in the vacuum oven for each exposure
time, with the mass measured before and after the test used to determine the mass loss.
The mass lost after the maximum in situ exposure time of 24 h for each specimen is within
10 % of the expected value (the sacrificial material content). The initial content of sacrificial
material is separately determined. For fiber specimens the mass per unit length of the fibers
and the length of each specimen (containing three embedded fibers) was measured. These
measurements are used to estimate the mass of sacrificial material in each specimen. For the
mixed sphere specimens (closed-cell), the initial quantity of spheres is known to be 60 wt%.
For sintered spheres embedded in epoxy (open-cell), iTGA at 200 ◦C (Figure 6.13) shows an
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average residual mass of 39 %; thus the sacrificial material content is taken to be 61 %. The
time required for complete in situ removal of sacrificial material, indicated by the plateau
in mass, is longer than measured ex situ by iTGA. The most pronounced delay is for the
specimens in which sacrificial microspheres were mixed into epoxy. This disparity is pre-
sumably due to the complete encapsulation of the sacrificial microspheres by epoxy with no
direct pathway for monomer evaporation. Nevertheless, monomer gas diffuses through the
polymer matrix leading to significant mass loss and producing hollow cavities after VaSC
treatment (Figure 6.1b).
Table 6.3: Specimen details for in situ VaSC characterization, embedded in epoxy. Error
represents one standard deviation. Table reproduced from Gergely et al. [1] with permission
from John Wiley & Sons Inc.
Type
Nominal dimensions (mm) Mass % sacrificial
material
Estimated volume
% sacrifical
material
Mass % lost
after 24 h Details
Length Width Thickness
(# specimens) (# specimens)
Untreated commercial fibers
50 3.5 1.1
22± 2
19± 2 1.5± 0.3 3 fibers running lengthwise
(no catalyst) (n = 36) (n = 4) (490± 10µm diameter)
Sacrificial melt-spun
fibers
50 3.5 1.1
29± 2
25± 2 27± 3 3 fibers running lengthwise
(n = 36) (n = 4) (660± 50µm diameter)
Sacrificial spheres, mixed at 60 wt%
15 15 0.9 60 56
54.1± 0.5 Hand mixed into epoxy,
(closed-cell) (n = 4) surfaces polished after curing
Sintered sacrificial spheres
15 15 1
61± 3
58± 3 65± 2 Infused with epoxy via VARTM,
(open-cell) (n = 5) (n = 4) surfaces polished after infusion and curing
Figure 6.13: Isothermal thermogravometric analysis (iTGA, 200 ◦C, 6 h) of sintered sacrificial
spheres (PLA + 5 wt% SnOc) in epoxy. Figure reproduced from Gergely et al. [1] with
permission from John Wiley & Sons Inc.
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6.2.3 Flow Rate Testing
Vascular and porous architectures constructed from template materials of each level of
dimensionality (0D-3D) were evaluated by flow rate testing using deionized water (0D-
2D) or 85/15 wt% glycerol/water (3D). Experiments were performed at room temperature
(RT∼21 ◦C) under laminar flow conditions (Table 6.4) and compared to appropriate predic-
tive models.
Table 6.4: Maximum Reynolds number for fluid flow specimens. Table reproduced from
Gergely et al. [1] with permission from John Wiley & Sons Inc.
Specimen type Description Reynolds number (Re)
0D
Open-cell porous epoxy, 10 mm diameter flow
cross-section, 7 % area fraction apertures,
6 µm diameter pores, 1 mm thick
0.15
1D
Circular cross-section channels
82
299 µm diameter, 49.8 mm long
2D
Bifurcating specimen, trapezoidal cross-section
442
upper bound model
3D
Tree type specimen, as in Figure S2
13
nominal model
We tested rectangular specimens (15×15×1 mm) of the open-cell porous (0D) structure
shown in Figure 6.1c. Average flow vs. applied pressure is compared to Darcy’s law and
the equivalent channel model (Figuree 6.14a) [40]. The permeability constant (k) is approxi-
mated using a permeability-porosity correlation (Figure 6.14c) [40]. Values of the empirically
determined coefficient (0.5) and exponent of the porosity term (1.5) are taken from the lit-
erature [41, 42]. The porosity is described as vesicular, with hollow spheres connected by
apertures (highlighted in Figure 6.14b). In vesicular materials the permeability is not di-
rectly correlated to the porosity since apertures restrict flow [41,42]. Here, we use aperture
area fraction in place of the porosity term (φ), and aperture size to determine the hydraulic
radius (R) [40–42]. The area fraction and size of apertures are measured from cross-sectional
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scanning electron micrographs. The measured aperture area fraction and average hydraulic
radius are used to calculate the permeability constant, which when applied to Darcy's law
gives a prediction of the flow rate for a given pressure. Applying this approach yields good
agreement between experimental data and model prediction.
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Figure 6.14: Flow rate evaluation of porous epoxy created from sintered sacrificial spheres
(0D). Discrete points are experimental data with error bars representing one standard devi-
ation (n = 3), and solid line is a theoretical model based on Darcy’s law and a permeability
(k) – porosity (φ) correlation (equations in c). b) SEM of cross-section indicating aper-
tures (outlined in red, gold color overlay indicating non-flow area), depicted in d). Figure
reproduced from Gergely et al. [1] with permission from John Wiley & Sons Inc.
Flow through straight, 1D channels with circular cross section is compared to the Hagen-
Poiseuille equation [43] (Figure 6.15) with the prediction based on average channel dimen-
sions (299 ± 18 µm diameter, and 49.8 ± 0.5 mm long). The deviation in the experimental
measurements between different channels (∼24 %) and the discrepancy from theory (∼13 %)
is believed to come from small variations in diameter due to its strong influence on flow rate.
Laser cutting to fabricate 2D network templates (Figure 6.5) results in trapezoidal shaped
channels with rounded corners (Figure 6.6). CAD geometries for computation fluid dy-
namics (CFD) simulations were generated to accurately reflect the as-fabricated geometry,
with channel dimensions extracted from x-ray computed microtomographic (microCT) cross-
sectional images (Figure 6.6, Table 6.2). Two networks were simulated in ANSYS FLUENT:
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Figure 6.15: Flow rate evaluation for straight, circular channels (1D) (n = 6). Discrete
points are experimental data with error bars representing one standard deviation. Solid line
is theoretical model based on the Hagen-Poiseuille equation (inset, lower right). Upper left
inset depicts the parabolic velocity profile characteristic of laminar flow, at input pressure
of 2.9 kPa. Figure reproduced from Gergely et al. [1] with permission from John Wiley &
Sons Inc.
one with the upper bound of measured channel dimensions and one with the lower bound.
The experimental data falls between the simulation results for these bounds as expected
(Figure 6.16). The lower bound prediction shows closer agreement with experiments, as nar-
rower cross-section segments would expectedly have a more pronounced influence on overall
flow response due to the strong dependence on channel diameter.
Flow in the 3D specimen is compared to CFD simulation of the CAD geometry (nominal,
Figure 6.8a), which was the input for 3D printing (Figure 6.17).§§§ The simulated flow rate
through the nominal geometry is on average 26 % higher than the flow measured experimen-
tally. Observing that the 3D-printed template is imperfect and possesses local undulations,
a more precise geometric representation of channel architecture was reconstructed through
microCT (Figure 6.8b). CFD simulations based on the refined microCT geometry show
closer agreement, with only 9 % higher flow rate (on average) than measured experimentally.
§§§CFD simulations were performed by Stephen Pety.
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Figure 6.16: a) Flow results for bifurcating, planar network specimens (2D) shown in Fig-
ure 6.5 (n = 3). Discrete points are experimental measurements with error bars representing
one standard deviation (error bars not visible are smaller than the data markers). Solid lines
are computational fluid dynamics (CFD) simulations for lower and upper bounds based on
deviation in channel dimensions. b and c) Midplane velocity profile from lower bound CFD
results at 2.9 kPa input pressure. Figure reproduced from Gergely et al. [1] with permission
from John Wiley & Sons Inc.
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Figure 6.17: a) Flow results for printed tree-like structure (3D) (n = 1). Discrete points are
experimental data, error bars representing one standard deviation from 3 measurements on
the same specimen are smaller than the data markers. CFD models of nominal (dashed line)
and microCT (solid line) geometries. b) Pressure and c) velocity (midplane cross-section)
profiles from CFD of microCT at 3.6 kPa input pressure. Figure reproduced from Gergely
et al. [1] with permission from John Wiley & Sons Inc.
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6.3 Summary
In summary, we have demonstrated a technique to form multidimensional, multi-scale, and
interconnected vascular and porous networks in thermosetting polymers via templates of
sacrificial PLA. Application of pre-existing thermal and solvent-based polymer processing
techniques extends the size scale and dimensionality of templates that can be produced. The
effectiveness of the VaSC process is demonstrated ex situ for raw sacrificial template materi-
als as well as in situ when fabricated templates are embedded in an epoxy thermoset. Inverse
structures created from templates of each level of dimensionality (0D–3D) are shown to have
predictable flow characteristics. We aim to extend VaSC to all classes of materials, e.g.
metals, ceramics, thermoplastics, etc. This extension will require development of a library
of sacrificial materials with a wide range of decomposition characteristics (time, temper-
ature, decomposition products) while still maintaining ease of translation to conventional
fabrication techniques. The VaSC platform provides a tool to reliably fabricate vascular
and porous architectures across an unparalleled breadth of geometry and size scale, thus
enabling vascular designs optimized by biology in modern engineering applications ranging
from self-healing [25] to gas capture [17].
6.4 Experimental Methods
6.4.1 Sample Fabrication
Unless otherwise specified, sacrificial templates were embedded in Araldite/Aradur 8605
epoxy (Huntsman Advanced Materials LLC), cured for 30 h at room temperature (RT∼21 ◦C)
followed by 121 ◦C for 8 h, and VaSC treatment was performed at 200 ◦C in a vacuum oven
(∼12 Torr) for 24 h. Solvent impregnated commercial PLA fibers were produced according
the previously reported procedure [24,25,37,38].
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6.4.2 0D Sacrificial Materials
Sacrificial microspheres were manufactured using an emulsion/solvent evaporation tech-
nique. PLA pellets (2.70 g, 4 wt% with respect to solvent, Ingeo 4043D, NatureWorks LLC)
and SnOc (0.135 g, 5 wt% with respect to PLA, Sigma-Aldrich) catalyst were dissolved in
DCM (50 mL). The PLA solution was added to an aqueous surfactant mixture (120 mL,
1 wt% PVA, 87–89 % hydrolyzed, Mw = 85,000–124,000 Da, Sigma-Aldrich) and mechani-
cally stirred at 1200 rpm. Stirring was continued for 4 h at RT to allow for DCM evaporation.
The suspension was centrifuged at 4000 rpm for 10 min, decanted and rinsed with deionized
water. This process was repeated three times to remove the PVA. The solution was then
lyophilized for 48 h, producing a free flowing powder.
To create closed-cell porous epoxy samples, sacrificial microspheres were combined with
epoxy, mixed by hand, and the mixture was molded between glass plates using a silicone
spacer (∼1 mm thick). For sintering to create open-cell porosity, sacrificial microspheres
(∼2.4 g) were poured into an aluminum mold (49 by 49 mm) with a fitted cover. The
mold was placed in an oven at 110 ◦C for 4 h, with an applied pressure (∼0.5 kPa) from
the weight of the cover, to produce an interconnected porous sheet (∼1 mm thick). The
sheet was subsequently infiltrated with liquid epoxy using vacuum assisted resin transfer
molding (VARTM). Top and bottom surfaces were polished after curing the epoxy to expose
sacrificial spheres.
6.4.3 Compounding
Poly(lactic acid) (PLA) and SnOx catalyst (Sigma-Aldrich) were melt-compounded using
a twin-screw batch compounder (Plasti-corder EPL V5501 equipped with measuring head,
C. W. Brabender). Catalyst was sieved to remove particles larger than 53 µm. The com-
pounder was preheated to 170 ◦C. The screw rotation speed was set to 15 rpm; PLA pellets
(50 g, Ingeo 4043D) were slowly added and allowed to melt while mixing. Catalyst (2.5 g
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SnOx) was slowly added, the chamber was closed, and mixing proceeded for 10 to 15 min.
The melt-compounded precursor material was extracted and cut into fragments while the
polymer was still warm and pliable. The sacrificial material was stored in a vacuum desic-
cator to prevent moisture absorption until further use.
6.4.4 1D Sacrificial Materials
Sacrificial fibers were fabricated using a lab-scale melt-spinning apparatus. Melt-
compounded precursor material (20 g) was dried under vacuum at 70 ◦C for at least 6 h.
The extruder was preheated to 175 ◦C, after which the material was loaded into the extruder
barrel and allowed to melt (∼45 min). A polytetrafluoroethylene (PTFE) spacer and brass
cylinder connected to a steel piston were inserted into the barrel and used to extrude precur-
sor material through a 1.25 mm diameter spinneret at a rate of approximately 5.5 g min−1.
Fiber take-up speed was adjusted to control fiber diameter. For a fiber diameter of ∼650 µm
(41 rpm, 88 mm take-up drum diameter), a single extrusion run produced roughly 40 m of
continuous fiber. After melt-spinning, sacrificial fibers were drawn to a length ratio (fi-
nal/initial) of 3:1 in a heated oven (80 ◦C) by vertically suspending a weight equivalent to
one-fourth the initial yield stress (∼10 MPa, Figure 6.4). The array of 1D channels embed-
ded in epoxy in Figure 6.3b was cured at RT for 24 h followed by 121 ◦C for 2 h and 177 ◦C
for 3 h.
Filament for 3D printing (FDM) (∼3 mm diameter) was fabricated using the same melt-
spinning apparatus by extruding through a brass spinneret extension (75 mm long) with a
2.5 mm inner diameter into a RT water column. Resulting filaments of sacrificial material
ranged from 2.4 mm to 3.1 mm diameter, within printable tolerances for the FDM equipment.
Electrospun sacrificial fibers were spun from solution with a syringe pump (0.6 mL h−1,
Model 780101 infusion pump, KD Scientific) using a blunt tip dispensing needle (outer diam-
eter 0.72 mm and inner diameter 0.41 mm) and 15 kV DC power supply (Model RHR30PN10,
Spellman) applied across a gap of 15 cm. PLA powder (2.5 g, 25 wt% with respect to sol-
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vent, Ecorene NW40, ICO polymers) and SnOc (0.125 g, 5 wt% with respect to PLA) were
dissolved in solvent (7.5 g, 3:1 by volume chloroform/acetone). Sacrificial fibers were spun
onto a copper parallel plate collector with 3 cm gap distance, embedded in epoxy (EPON
828/EPIKURE 3300, Momentive) and cured RT for 24 h followed by 82 ◦C for 90 min and
121 ◦C for 90 min. To expose channels after VaSC, specimens were freeze-fractured after
submersion in liquid N2.
6.4.5 2D Sacrificial Materials
Sheets of sacrificial material were fabricated using a hot-press (Model 14, Tetrahedron).
Melt-compounded precursor material (10 g) was placed between two aluminum plates with
a 500 µm spacer. A compressive force of 2.22 kN was applied while temperature was ramped
to 177 ◦C (10 ◦C min−1). After heating, the force was increased to 89 kN and held for 10 min.
The temperature was ramped down to RT (10 ◦C min−1) after which the load was removed.
The resulting sheet was laser cut (Pro LF Series 48” x 36” CO2 laser, 90 W, Full Spectrum
Laser LLC) with a power of 5 % and speed of 100 %. The width of the laser cut is ap-
proximately 120 µm, which was accommodated by oversizing the CAD pattern 60 µm on all
sides.
6.4.6 3D Sacrificial Materials
Freestanding sacrificial templates were printed using a desktop FDM (AO-100, Lulzbot). A
solid model of the geometry was created via CAD (SolidWorks v.2011, Dassault Systemes)
and converted to stereolithography (STL) data format. The STL file was then converted
to printable G-code using open source software (Slic3r v0.9.10b). The print file was sliced
into 322 layers, which took approximately 1 h to print with a 75 % infill. Printing was
conducted with a nozzle diameter of 0.35 mm, a nozzle temperature of 180 ◦C, and a bed
temperature of 82 ◦C. The printer bed was covered with polyethylene terephthalate (PET)
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tape and roughened with light sanding to enhance surface adhesion of the printed mate-
rial. The printed structure was painted with a solution of PLA and SnOx catalyst before
epoxy infusion producing a solid layer of PLA on the outer walls of the sacrificial template,
thereby preventing epoxy from infiltrating the otherwise porous structure. The embedded
3D template underwent VaSC treatment at 200 ◦C for 48 h.
6.4.7 Imaging
Microsphere dimensions were determined using optical micrographs (DMR optical micro-
scope, Leica; Micropubliser 3.3 CCD, QImaging) and ImageJ (National Institute of Health)
image processing software. Porosity of epoxy structures was analyzed using scanning elec-
tron micrographs (SEM) (XL30 ESEM-FEG, Philips). ImageJ software was used to highlight
apertures or pores, and determine size and area fraction. MicroCT of was performed on an
Xradia BioCT (MicroXCT-400). 2D and 3D specimens were filled with a radiocontrast agent
(Omnipaque 350, GE Healthcare). Additional microCT scan settings are included in Ta-
ble 6.5. Data was reconstructed using TXM Reconstructor (v.8.1, Xradia) and visualized in
3D with TXM3Dviewer (v.1.1.6, Xradia). MicroCT images of the open-cell porous epoxy
structure (0D) were reproduced in Amira (v.5.5.0, FEI) to isolate the matrix material, deter-
mine the porosity volume fraction, and create videos and still images. 1D specimens made
from electrospun fibers were filled with a fluorescent dye (0.03 wt% Rhodamine in deionized
water) via vacuum infiltration. Filled channels were imaged using confocal fluorescence mi-
croscopy (TCS SP2, Leica) with the following acquisition parameters: excitation wavelength:
543 nm; emission wavelengths: 562-617 nm; objective: 63.0x, 1.4 NA, oil immersion lens;
confocal pinhole diameter: 115 µm; voxel size: 0.116 × 0.116 × 0.122 µm. Confocal images
were reconstructed in Amira.
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Table 6.5: MicroCT scan settings. Table reproduced from Gergely et al. [1] with permission
from John Wiley & Sons Inc.
Specimen type
Scan
angle
Scan
interval
Objective
Exposure
time (s)
0D – open-cell porous epoxy (Figure 1c) 184° 0.25° 10x 7 40 keV (8 W, 200 µA)
1D - Embedded fibers (Figure S4) 184° 0.25° 20x 3 60 keV (8 W, 133 µA)
2D – Bifurcating planar network (Figure S6) 186° 0.25° 4x 3 60 keV (8 W, 133 µA)
3D - Tree-like structure (Figure S3b) 202° 0.25° 0.5x 1 60 keV (8 W, 133 µA)
6.4.8 Isothermal Thermogravimetric Analysis (iTGA)
Isothermal thermogravimetric analysis (iTGA) was performed on a Mettler-Toledo
TGA851e, calibrated with indium, aluminum, and zinc standards. For each experiment,
the sample (∼8 mg) was weighed into an alumina crucible. The mass loss was recorded
during an isothermal hold at 200 ◦C for up to 16 h, with a ramp rate of 20 ◦C min−1 from
25 ◦C under continuous nitrogen purge.
6.4.9 In Situ VaSC Characterization
In situ mass loss evaluation was performed in a vacuum oven set to 200 ◦C under ∼12 Torr
(abs) vacuum, the conditions for vaporization of sacrificial components (VaSC) [24,25,37,38].
The mass of sacrificial material lost, i.e. converted to gaseous lactide monomer, was measured
as a function of time (Figure 6.11b). Four specimens were tested for each combination
of specimen type (Table 6.3) and treatment time (2, 4, 6, 8, 10, 12, 15, 18, 21, 24 h).
Each treatment time was evaluated separately (to limit uncontrolled heating and cooling
from opening and closing the oven door) as follows: specimens for one treatment time were
placed in the preheated vacuum oven, the oven door was sealed, and vacuum was started
immediately. The time increment began once the specimens were placed in the vacuum
oven. The mass of each specimen was measured prior to and following thermal treatment.
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The melt-spun fiber specimens were sandwiched between two aluminum plates (to evenly
distribute heat), and absorbent bleeder cloth. The porous sphere type specimens were not
sandwiched between plates and bleeder cloths since doing so would obstruct the two largest
surfaces of the specimens, and hinder escape of gaseous depolymerization products.
6.4.10 Flow Testing
Pressure was applied using either a static pressure head (1D, 2D, 3D) or computer controlled
(LabVIEW v.2013, National Instruments) pressure pump (0D) (Ultimus V, Nordson EFD) at
RT. The test liquid was deionized water (0D, 1D, 2D) or 85/15 wt% glycerol/water mixture
(3D) (103 cP [44], measured on a TA instruments AR-G2 rheometer using a double gap
concentric cylinder geometry at 21 ◦C). Mass flow rate data was collected at 10 Hz using a
computer-interfaced analytical balance (XS204 DeltaRange, Mettler Toledo). Experiments
were performed under laminar flow conditions (Table 6.4) and compared to appropriate
predictive models.
6.4.11 Darcy's Law and the Equivalent Channel Model
The flow through porous media is described by Darcy's Law [40]:
Q =
kA(∆P )
µL
(6.1)
in which volumetric flow rate (Q) is proportional to the pressure difference (∆P ), perme-
ability constant (k), and the cross-sectional area (A), while being inversely proportional to
the dynamic viscosity (µ) and length (L). The permeability constant (k) can be measured,
but it is also useful to have a method for calculating based on geometry. Permeability is
related to the porosity of the material as well as pore microstructure (pore shape, connectiv-
ity, and pathway tortuosity) [40–42]. The equivalent channel model assumes that pores can
be approximated by a set of channels running through the material. Under this assumption
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the permeability (k) can be related to porosity (φ) by [40]:
k ≈ CR2φm (6.2)
where the shape factor (C) and exponent (m) are empirically determined parameters, the
hydraulic radius (R) is the dimension describing the flow cross-section, and porosity (φ) is
measured. The shape factor (C) describes the shape of the flow cross-section, and has values
from 1/2 to 1/3 for circular to slit-like geometries, respectively. The exponent (m) has values
from 1 to 3, with 1 representing the case of a straight channel.
The porous epoxies here have a similar microstructure to scoria vesicular basalts con-
sidered by Saar et al. [41, 42] Based on these works, a value of m = 1.5 was used, which
is appropriate for perfectly spherical voids. In Saars works, the prediction of permeability
was from porosity and was ∼104 times larger than measured the permeability. However, it
was reported that flow is primarily governed by the narrow opening (apertures) which are
∼10 times smaller than the diameter of the overlapping spheres. Here, we analyzed images
(n = 2) of the cross-section and isolated the apertures (Figure 6.5b). The aperture area
fraction (6.96 %) was used in place of the porosity term (φ) in Equation 6.2. The diameter
of each aperture (d) was determined using its area (A), assuming circular shape so that
A = pi d2/4. The average hydraulic radius (R) was calculated as one quarter of the average
aperture diameter (daverage = 5.97 µm) [40]. A shape factor (C) of 1/2 was used since the
apertures are approximately circular. The permeability was calculated using Equation 6.2,
which was in turn used to predict flow rate using Equation 6.1. These predicted results are
compared to experimentally measured flow rates in the plot shown in Figure 6.15.
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6.4.12 Computational Fluid Dynamics (CFD) Simulation
Finite volume CFD simulations (FLUENT v.15.0, ANSYS) were performed on 2D and 3D
models using computer aided drafting (CAD, SolidWorks) and reconstructed microCT ge-
ometries meshed in ANSYS Meshing. Navier-Stokes equations were solved using the SIM-
PLE pressure-velocity scheme, Green-Gauss node based gradient discretization, second or-
der pressure discretization, and third order MUSCL momentum discretization. Numerical
convergence was defined as when continuity and velocity residuals fell below 10−6. The
pressure-inlet boundary condition was used to drive flow; at least five inlet pressures were
simulated per model to generate flow rate vs. pressure curves.
For the 2D bifurcating channel network, CAD geometries were generated with trapezoidal
channels based on measured dimensions (Figure 6.6, Table 6.4). Two models were simulated:
one with the lower bounds of measured dimensions and one with the upper bounds. To
confirm mesh independence of the simulations, the flow rate of water through the lower bound
model at an applied pressure of 2.94 kPa was tracked at different mesh sizes (Figure 6.18).
A final volumetric mesh consisting of 1.10 million tetrahedral elements was chosen, such
that there were a sufficient number of elements to be within 1 % of the converged flow rate.
The same mesh element sizing was used to mesh the higher bound model; the resulting
volumetric mesh consisted of 1.49 million tetrahedral elements.
The nominal CAD geometry (the input for 3D printing) of the 3D tree-like structure
was used to generate a mesh for simulation. Symmetry was used such that only half of
the network needed to be modeled. Mesh independence was confirmed by tracking the flow
rate of 85/15 wt% glycerol/water through the network at an applied pressure of 3.59 kPa
(Figure 6.19). A final volumetric mesh consisting of 0.56 million tetrahedral elements was
chosen, such that there were a sufficient number of elements to be within 1 % of the converged
flow rate. MicroCT data was used to construct a more accurate model for simulation of the
3D structure. Amira was used to segment (isolate) the entire vascular structure and generate
154
Figure 6.18: Mesh convergence plot for lower bound 2D specimen simulation at an applied
pressure of 2.94 kPa. Horizontal lines bound region within 1 % of converged flow rate. Figure
reproduced from Gergely et al. [1] with permission from John Wiley & Sons Inc.
a triangular surface mesh consisting of 0.4 million elements. A non-uniform rational B-spline
(NURBS) surface was generated from the surface mesh using Geomagic Studio (v.2014.1.0,
3D Systems). SolidWorks was employed to translate the NURBS surface into a solid model
(Figure 6.8b). The solid model was used to generate volume meshes of different sizes and
mesh refinement was tracked in the same manner as the nominal model (Figure 6.20). A
final volumetric mesh consisting of 14.4 million tetrahedral elements was chosen. Note that
the coarsest mesh (8.3 million elements) did not fully converge to 10−6 residual tolerances,
as it was not fine enough to capture the high level of surface detail from the microCT scan.
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Figure 6.19: Mesh convergence plot for nominal 3D specimen simulation at an applied
pressure of 3.59 kPa. Horizontal lines indicate bounds within a width of 1 % of the converged
flow rate. Figure reproduced from Gergely et al. [1] with permission from John Wiley &
Sons Inc.
Figure 6.20: Mesh convergence plot for 3D specimen simulation from microCT at an applied
pressure of 3.59 kPa. Horizontal lines indicate bounds within a width of 1 % of the converged
flow rate. Figure reproduced from Gergely et al. [1] with permission from John Wiley &
Sons Inc.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
Concepts inspired by biological regeneration were developed and applied to synthetic ma-
terials systems. Techniques for the recovery of large damage volumes in polymers were
developed, enabled by vascular-based delivery of healing agents. Current limitations in heal-
ing chemistry and delivery method that limit damage volumes in self-healing materials were
addressed. Two damage modes were explored: impact puncture in bulk polymers and abra-
sive damage in coatings. A volume storage device was developed, and advancements were
made in microvascular fabrication techniques.
A two-stage healing agent facilitated the recovery of impact puncture damage. Rapid
gelation retains healing material in the damage volume, while subsequent polymerization
produces a structural polymer. Impact energy restoration was optimized by modulating the
healing agent formulation. Over 100 % recovery of energy absorption was observed in some
specimens. In addition, 100 % sealing was attained using a hybrid microcapsule-microvacular
system. The combination of two-stage healing agents and embedded microcapsules facili-
tated the recovery of both lost volume as well as sealing of radiating microcracks.
The regeneration of a protective polymeric coating was also demonstrated. A compliant
surface valve isolated and protected healing agent preventing contamination and blockage of
the embedded vasculature. Full recovery of a coating with identical chemical composition and
hardness was achieved. Three one-part sunlight curable healing agents were evaluated. Single
component healing agents eliminate the necessity for in situ mixing as utilized in previous
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self-healing systems. In addition, a new storage and release mechanism (the accumulator)
was developed for regenerative coatings. A prescribed charge of healing agent was stored
within the accumulator and was released in response to damage. Coatings with consistent
thickness were regenerated using the accumulator coupled with a protective surface valve.
Techniques to form multidimensional, multiscale, and interconnected microvasculature
were also developed. Pre-existing solvent and thermal processing techniques were applied
to extend the breadth of templates that can be fabricated using a biopolymer based sac-
rificial material. Inverse architectures were fabricated using templates from each level of
dimensionality (0D–3D), and were shown to have predictable flow characteristics.
7.2 Future Work
7.2.1 Advanced Healing Agents
Healing agent chemistries currently in use are relatively simple when compared to biology.
Researchers regularly rely on existing commercially available chemistries due to their avail-
ability and consistency [1–10]. The two-stage healing agent presented in this thesis is slightly
more complex, exhibiting two distinct transitions in mechanical properties [11]. Work by
Santa Cruz on two-stage healing agents has revealed some of the technical challenges that
must be addressed in the future including: environmental stability and chemical interac-
tions between healing agent components [12]. Overcoming these issues in the near term is
of critical importance, in order to advance the field of regerative materials.
One of the desirable traits in a healing agent, or more generally in a self-healing system
is the ability to respond to a variety of damage modes. The hybrid system introduced in
Chapter 3, was a first attempt at targeting multiple length scales of damage. One research
avenue that can be pursued in the future is stimuli-responsive healing agents. Specifically,
one could consider the healing agents rheological response, and take advantage of shear
thinning or shear thickening behavior [13, 14]. After exiting the microchannels, a shear
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thinning fluild would thicken, aiding retention prior to the chemical healing response. In
addition, in regions near the microchannels where fluidic pressure is high, material would
be disrupted to allow for continued flow of healing agents. Further from the flow, where the
healing agents do not experince as much stress, the material would be retained. Coupling
stimuli such as shear to the healing response may afford additional control of the healing
agent deposition once it exits the microchannel.
Triggering the healing response is another area of potential reserach. Previously, in-
cluding this work, physical damage triggers the release of healing agents [15]. A chemical
reaction then follows after the healing agent is transported to the damage site. There may
be a desirable scenario, like impact damage, where the transport of healing agent to the
damage site does not alone trigger the chemical reaction. Instead, damage could also ini-
tiate a separate response pathway, capable of enhancing or inhibiting the healing response.
This secondary response pathway could be sensitive to the size and dimension of damage. A
potential embodiment of this concept may be in regions of the impact damage where there
are microcracks. The gelation could be delayed or inhibited by the small crack separation,
as capillary forces are sufficient to retain healing agents. This delay or inhibition could po-
tentially improve crack filling prior to gelation. In the larger central puncture, the rapidly
responding gelation could be allowed to proceed unhindered. With the two-stage healing
agent in this work, a depressed pH (<4) inhibits gelation [16]. Embedding a solid acid
within the substrate [17], presuming it is effective at inhibiting gelation, could afford local
differences in gelation time – specifically an increase in gelation time within the microcracks.
A greater understanding of the desired characteristics of the healing system to fill large
volumes should also be developed prior to introducing additional complexities such as shear-
thinning behavior. Some of the desirable characteristics are: chemical stability, good mixing
(in the case of two part forumations), low viscosity, wettability, rapid gelation, resistance
to flow after gelation, stoichiometric independence, chemical compatability, and final me-
chanical properties. Typically, chemical stability is achieved by sequestration of two-part
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chemistries within the dual microvascular networks [1, 6, 11], though one-part forumlations
with a separate trigger as in Chapter 4 may be used. Low viscosity affords ease of delivery
through microvascular channels, and also influences how readily two-part formulations will
mix. Wettability of the damage site (and also of previously deposited healing agent) is of
key importantance because it affects the flow direction of healing agents after they exit the
microvasculature. In Chapters 2 and 3 an oleophobic coating was applied to the surface
of the specimen outside the damage, limiting flow of healing agent to the damage surfaces
(which were uncoated).
The physical characteristics of the gel material described in this thesis are key to retaining
healing agent in the damage prior to the subseqent polymerization. It was observed that
more rapidly gelling material was capable of filling larger damage sizes, thus the chemistry
was developed to gel as quickly as possible [12]. The acid catalyst type was selected and the
concentration was increased to achieve the most rapid gelation. In addition, the molecular
weight of the difunctional gelator component (gelator A) was reduced from 2000 Da to
1000 Da, further reducing gel time. Reduction in molecular weight below 1000 Da caused
phase separation of the gel and monomer upon gelation. Though important, the gel time
is not the inherent cause of better material retention, rather it is the mechanical properties
of the gel, and the fact that they are attained on the healing agent deposition timescale.
One specific observation is that the shorter length of gelator A reduced the gel, time but
also increased the number of cross-linking sites, likely improving the mechanical properties
of the gel (and thus the filling performance). It was also observed that the gel system
was elastic, and did not flow significantly after deposition and gelation. Previous work
with less elastic gels indicated that they were prone to flow and redistribute under the
influence of gravity [18]. The timing of the second stage of the two-stage healing agents
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could be used to counter this effect if the gel remains fixed long enough to polymerize the
monomer solvent. However, many gelling components used previously are not compatible
with monomers (HEMA, etc.) [18]. Systematic study of the influence of the gel mechanical
properties on filling should be pursued further.
7.2.2 Impact Damage Restoration
To truly regenerate a material, both the chemical composition as well as the physical form
should be restored. The acrylic based two-stage healing agent used in this study was chem-
ically different than the virgin epoxy substrate. However, acrylic monomers are compatible
with the chosen gelators, and do still polymerize when mixed in off-stoichiometric quanti-
ties (in contrast to epoxy-amine healing agents). Using healing agents and substrates with
paired chemical formulations would expectedly improve compatibility, bonding, and energy
absorption of restored specimens. This could be accomplished by developing more variations
of the healing chemistry, implementing compatible substrate materials, or both.
Some initial attempts were made to implement an acrylic substrate (poly(methyl
methacrylate), PMMA) as the virgin substrate material with limited success. PMMA has a
tendency to microcrack in response to solvent swelling [19], and the monomer (2-hydroxyethyl
methacrylate, HEMA) typically used in the two-stage chemistry caused microcracks to form
in PMMA. It was found that an alternative monomer (2-phenoxyethyl methacrylate, PEM)
compatable with the two-stage chemistry did not solvent initiate microcracking, but this line
of reserach was not pursued further. In addition, thermoplastic substrates such as PMMA
afford the potential advantage of solvent healing [20–23], and bonding may be improved by
swelling and chain entanglement of the healing agent with the substrate material [24]. Fur-
thermore, healing of microcracks can be achieved by the solvent alone rather than relying
on the chemical reactions inherent to the healing agent.
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7.2.3 Coating Regeneration
Several aspects of the coating regeneration system need further exploration. Those that are
immediately accessible include the wettability of the substrate and scalability of the design.
Wettability of the healing of agent on the substrate will influence the time required for the
uncured material to self-level, the coating thickness, and bonding [25,26]. Wettability can be
modulated by formulating the healing agent with a variety of commercially available wetting
agents, or changing the substrate material.
The present coating regeneration specimen consisted of a single valve or valve and ac-
cumulator embedded in an epoxy substrate. This type of specimen should be extended to
a multiple valve configuration to address much larger areas. There are some interesting
technical challenges that will come with scale up. For example, how does the release from
adjacent valves interact to form a conformal coating? Fabrication of multi-valve panels on
a large scale is also not straightforward. Manufacturing the compliant components (valves,
connecting microvascular channels, accumulators) could potentially be accomplished using
existing reel-to-reel fabrication techniques [27]. To make structural panels, existing compos-
ite lamination techniques could be applied in conjunction with the valve and components.
7.2.4 Advanced Microvascular Technology
Both the surface valve and accumulator were developed for integration into a microvascular
regenerative coating system. However, they could also be applied more generally to other
microfluidic systems. Other fluids may be used with the surface valve for applications such as
lubrication or antimicrobial coatings. The accumulator could be incorporated into systems
where fluid volume control is required, such as thermal regulation [28,29], or reconfigurable
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antennas [30]. In addition to the surface valve and accumulator, other system components for
fluid control should be developed for integration into autonomous systems. Future research
could also exploit existing microfluidic components such as pumps and valves for use in
self-healing systems [31,32].
While there are several examples of microvascular healing systems using externally con-
trolled pumps for fluid delivery, there is not a clear translation of these designs to practical
applications [4–6,33]. Future research must also consider how fluid delivery will be integrated
into the final product. One approach is a centralized pumping system for transporting fluid
throughout the component or structure. In contrast, the approach using the accumulator
design provides localized control and storage. The healing fluid for a specific damage area
is stored locally, near the site of damage, rather than in a distant reservoir. A combination
of both local and centralized fluid control schemes may be necessary for a given system.
7.2.5 Library of Sacrificial Templates
The work presented on fabrication of microvascular channels uses a single template material
– catalyst impregnated Poly(lactic acid) (PLA) [34–36]. In order to create microvascular
materials spanning the bread of polymer classes (thermoplastic, thermoset, elastomer), and,
more generally, different material classes (polymer, metal, ceramic), more types of sacrificial
materials are required. Future research can expand the use of PLA since it is commercially
available, readily formed into a variety of template architectures, and has tunable degra-
dation properties. New polymers are also currently being developed as sacrificial materials
such as poly(phthalaldehyde) (PPA) [37]. Future research should focus on creating sacrificial
materials with a variety of decomposition characteristics (time, temperature, decomposition
products) while still maintaining ease of translation to conventional fabrication techniques.
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One particularly challenging area will be incorporating sacrificial templates into thermo-
plastic materials, which are thermally formed (hot pressing, injection molding, extrusion,
etc.). The sacrificial material must withstand the formation of the thermoplastic part, and
then experience some transition that enables its removal. One potential avenue is to employ
a UV triggered depression in decomposition temperature [38,39]. After embedded, the part
is exposed to UV, which reduces the decomposition temperature of the sacrificial material
to a level below a temperature damaging to the surrounding material. In prior examples the
sacrificial template was cast in a liquid that then solidified. Thermal trigger of decomposition
has yet to be applied to thermoplatics that are thermally formed.
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